Static and Impact Load Response of Reinforced Concrete Beams and Slabs with NSM-CFRP Retrofitting by Ramanna-Sanjeevaiah, Nakul
Old Dominion University 
ODU Digital Commons 
Civil & Environmental Engineering Theses & 
Dissertations Civil & Environmental Engineering 
Spring 2012 
Static and Impact Load Response of Reinforced Concrete Beams 
and Slabs with NSM-CFRP Retrofitting 
Nakul Ramanna-Sanjeevaiah 
Old Dominion University 
Follow this and additional works at: https://digitalcommons.odu.edu/cee_etds 
 Part of the Civil Engineering Commons 
Recommended Citation 
Ramanna-Sanjeevaiah, Nakul. "Static and Impact Load Response of Reinforced Concrete Beams and 
Slabs with NSM-CFRP Retrofitting" (2012). Doctor of Philosophy (PhD), Dissertation, Civil & Environmental 
Engineering, Old Dominion University, DOI: 10.25777/wkb7-v478 
https://digitalcommons.odu.edu/cee_etds/61 
This Dissertation is brought to you for free and open access by the Civil & Environmental Engineering at ODU Digital 
Commons. It has been accepted for inclusion in Civil & Environmental Engineering Theses & Dissertations by an 
authorized administrator of ODU Digital Commons. For more information, please contact 
digitalcommons@odu.edu. 
STATIC AND IMPACT LOAD RESPONSE OF REINFORCED 
CONCRETE BEAMS AND SLABS WITH NSM-CFRP RETROFITTING 
by 
Nakul Ramanna-Sanjeevaiah 
B.E. April 2003, Visveswaraiah Technological University, India 
M.Tech. February 2005, Visveswaraiah Technological University, India 
A Dissertation Submitted to the Faculty of 
Old Dominion University in Partial Fulfillment of the 
Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
CIVIL AND ENVIRONMENTAL ENGINEERING 
OLD DOMINION UNIVERSITY 
May 2012 
Approved by: 
Zia Razzaq (Director) 
 
Ramamurthy Prabhakaran (Member) 
Due T. Nguyen (Member) 
Prabhakara (Member) Rama 
Mojtaoa Sirjani (Member) 
ABSTRACT 
STATIC AND IMPACT LOAD RESPONSE OF REINFORCED CONCRETE BEAMS 
AND SLABS WITH NSM-CFRP RETROFITTING 
Nakul Ramanna-Sanjeevaiah 
Old Dominion University, 2012 
Director: Dr. Zia Razzaq 
The use of Near-Surface Mounted Carbon Fiber Reinforced Polymer (NSM-CFRP) 
reinforcement such as carbon FRP strips holds a high potential for increasing the flexural 
strength of reinforced concrete members. In comparison to externally bonded CFRP 
laminates, NSM-CFRP reinforcement approach has several advantages. The main 
advantages include increased stiffness and strength, better bonding, the possibility of 
anchoring the reinforcement into adjacent members, and minimal installation time. Thus, the 
structural engineers worldwide are developing a considerable interest in practical 
applications of the NSM-CFRP reinforcement technique. A considerable amount of 
research is still needed in order to fully benefit from this method not only for repairing and 
strengthening decaying infrastructure but also utilizing it for designing new infrastructure. 
This research presents the outcome of a study of flexural response of reinforced 
concrete beams and slabs, with and without NSM-CFRP retrofitting, when subjected to 
static or impact loads. A total of twenty-three beams and four slabs were tested. The static 
behavior of the beams was predicted by coupling nonlinear moment-curvature relations with 
a finite-difference scheme and nonlinear moment area method. The performance of beams 
and slabs under impact load were evaluated using acceleration versus time relationships. A 
simplified single-degree-of-freedom elasto-plastic model was developed to capture their 
dynamic behavior. 
New and intriguing retrofitting schemes developed in this research resulted in an 
increase in the strength of concrete members by 100% and stiffness by three-folds, several 
times higher than that achieved by past researchers. The structural members subjected to 
impact loading showed that such retrofitting scheme can dramatically reduce or practically 
eliminate punching shear and concrete shattering. Potential applications include those in 
concrete bridges, buildings, waterfront structures, dams, bunkers, as well as in earthquake-
and blast-resistant structures. 
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The use of Near Surface Mounted Carbon Fiber Reinforced Polymer (NSM-CFRP) 
reinforcement is one of the emerging techniques for strengthening reinforced concrete 
structures. Although some research has been recently conducted on the NSM method of 
retrofitting, a considerable amount of additional research needs to be conducted for an 
increased level of its practical application. This dissertation presents the outcome of a 
study of flexural response of reinforced concrete beams and slabs, with and without 
NSM-CFRP retrofitting, when subjected to static and impact loads. 
In the NSM method, grooves are first cut into the concrete cover of a reinforced 
concrete (RC) member. The grooves are then half-filled with an epoxy paste or cement-
grout following which the NSM reinforcement is inserted. Additional epoxy is then 
applied to completely fill the grooves. Compared to externally bonded FRP 
reinforcement, the NSM system has number of advantages (1): 
(a) The amount of site installation work may be reduced, as surface preparation other 
than grooving is no longer required. For example, plaster removal is not 
necessary; irregularities of the concrete surface can be more easily 
accommodated; removal of the weak laitance layer on the concrete surface is no 
longer needed. 
(b) NSM reinforcement is less prone to debonding from the concrete substrate. 
(c) NSM bars can be more easily anchored into adjacent members to prevent 
debonding failures. This feature is particularly attractive in the flexural 
strengthening of beams and columns in rigid-jointed frames, where the maximum 
moments typically occur at the ends of the member. 
(d) NSM reinforcement can also be pre-stressed. 
(e) NSM bars are protected by the concrete cover and thus less exposed to accidental 
impact and mechanical damage, fire, and vandalism; this aspect makes this 
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technology particularly suitable for the strengthening of negative moment regions 
of beams and slabs. 
(f) The aesthetics of the strengthened structure is virtually unchanged. 
Due to the above advantages, the NSM-FRP method is generally superior to the 
externally bonded FRP method. The two methods can also be combined provided 
sufficient cover is available in a RC member for grooves of desirable size to 
accommodate FRP strips (1). 
The existing body of knowledge on the NSM-FRP method is much more limited than 
that of the externally bonded FRP method. This is reflected by the absence of relevant 
provisions on the NSM-FRP strengthening of RC structures published by fib 2001 (1, 2) 
and ACI-440 2002 (1, 3). Although the current revision of ACI-440 report (4) includes 
design provisions for FRP bars using NSM technique it is noteworthy that design 
specifications for CFRP strips is deficient. A revision of fib 2001 (2) is presently 
underway to include the current advances in the field. The research gap and growing 
interest of the engineer in NSM-CFRP method is providing an impetus for research in 
this field for repair of existing and design of new infrastructure. 
Presented in this dissertation is an experimental and theoretical study of reinforced 
concrete beams and slabs, with and without NSM-CFRP retrofitting. The effects of both 
gradually applied static loads and sudden impact loads on the structural response of 
concrete members are investigated. 
1.2. Literature Review 
Examples of the use of NSM steel rebars for strengthening RC structures dates back 
to early 1950's. The NSM reinforcement was then referred to as "grouted reinforcement" 
or "embedded reinforcement" (1, 5, 6). More recent applications of NSM stainless steel 
bars for strengthening of masonry buildings and arch bridges are also reported (1,7). The 
advantages of FRP versus steel as NSM reinforcement are better resistance to corrosion, 
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increased ease and speed of installation due to its lightweight, and a reduced groove size 
due to the higher tensile strength and better corrosion resistance of FRP (1). A review of 
existing literature on NSM FRP materials, systems and retrofitting technique has been 
conducted and summarized below. 
1.2.1. FRP reinforcement 
In most existing studies, carbon FRP (CFRP) NSM reinforcement has been used 
to strengthen concrete structures. Glass FRP (GFRP) has been used in most 
applications of the NSM method to masonry and timber structures. The tensile 
strength and elastic modulus of CFRP are much higher than those of GFRP, so for the 
same tensile capacity, a CFRP bar has a smaller cross-sectional area than a GFRP bar 
and requires a smaller groove (1). This in turn leads to easier installation, with less 
risk of interfering with the internal steel reinforcement, and savings in the groove 
filling material. ACI-440 (1, 3, 4) reports that FRP bars are manufactured with a 
variety of surface textures, which strongly affect their bond behavior as NSM 
reinforcement. Their surface can be smooth, sand-blasted, sand-coated, or roughened 
with peel-ply surface treatment. 
1.2.2. Groove filler 
Groove filler is the medium for transfer of stresses between the FRP bar and 
concrete. De Lorenzis (1) reported that the effects of modulus of elasticity of groove 
filler has never been experimentally investigated. The most common and best 
performing groove filler is a two-component epoxy. Low-viscosity epoxy can be 
selected for strengthening the negative moment regions as the epoxy can be poured 
into the grooves. For other cases, a high-viscosity epoxy is needed to avoid dripping 
or flow away. In 1998 Warren (6), published that the addition of sand to epoxy can 
increase the volume, control the viscosity, lower the co-efficient of thermal 
expansion, and raise the glass transition temperature. A drawback of this addition was 
reduced adhesion at the bar-epoxy interface for a smooth bar surface. 
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The use of cement paste or mortar, in place of epoxy as a groove filler, has 
recently been explored in an attempt to lower material cost, minimize environmental 
impact, improve bonding to wet substrates and endure high temperatures (1,8-13). 
Bisby, Burke et al (11, 12) indicated that, if well-insulated against the thermal 
effects of fire, the performance at high temperature of NSM-CFRP strengthening 
systems can be improved considerably by using a cementitious grout adhesive rather 
than an ambient cure epoxy. At low temperatures, however, the same investigators 
(14) found that epoxy outperformed grout. They concluded that although two-
component epoxy adhesives provided superior bond performance compared to 
cementitious grout adhesive, the later can be used more effectively with stringent 
strain limits. 
Cement mortar has inferior mechanical properties and durability (1), with a 
tensile strength an order of magnitude smaller than that of common epoxies. Results 
of bond tests and flexural tests from research conducted by Nordin et al (8) and 
Taljsten et al (15) have indicated some significant limitations of cement mortar as a 
groove filler. Further research is needed to evaluate the performance of cement grout 
as groove filler and to formulate stronger cementitious groove fillers (1,11,12). 
1.2.3. Groove dimensions 
The effect of groove width-to-depth ratio on the bond performance has not yet 
been investigated in detail (1). Figure 1 shows the configuration of NSM-CFRP 
reinforcement, where tf and hf are the thickness (or width) and height of CFRP strips 
respectively. The groove width bg, the groove depth hg, the net distance between two 
adjacent grooves ag, and the net distance between a groove and the beam edge £k are 
all relevant construction parameters, which can influence the bond performance and 





K , V'*1 , , 
V/ 3-side bonded 
NSM strip 
Epoxy or cement paste 
* ai-H: 
Figure 1. NSM-CFRP reinforcement configuration and nomenclature adapted from L. 
For NSM strips, Blaschko (16, 17) suggested that the depth and width of the cut 
groove should be about 3 mm larger than the height and thickness of the 
corresponding FRP strip, respectively, in order to obtain an adhesive layer thickness 
of about 1-2 mm. It was also indicated that a minimum distance a^ of about 20 mm 
was required to avoid splitting failure of the concrete corner. For a^ values larger than 
30 mm, no cracks were observed in the concrete at bond failure. Blaschko also 
suggested that a'e should not be less than 30 mm or the maximum aggregate size, 
whichever is greater. The maximum aggregate size was suggested as a limiting factor 
to avoid damaging the concrete while cutting grooves. In his bond tests, a^ still 
influenced the bond behavior upto the maximum investigated value of 150 mm, 
beyond which no further influence was assumed. 
Parretti and Nanni (18) have recommended that the minimum width of a groove 
be no less than 3tf and the minimum depth be no less than 1.5hf. However, they also 
mentioned that no data is available for maximum dimensions of the groove at this 
time. 
ACI 440-2008 (4) recommends the minimum clear groove spacing for NSM 
FRP bars should be greater than twice the depth of the NSM groove to avoid 
overlapping of the tensile stresses around the NSM bars. Furthermore, a clear edge 
De Lorenzis and J.G. Teng, 2007 (1). 
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distance of four times the depth of the NSM groove should be provided to minimize 
the edge effects that could accelerate debonding failure (4, 19). 
De Lorenzis and Nanni (20), suggest that increasing the groove size will 
increase the bond strength when failure is controlled by splitting of epoxy paste. This 
effect however does not seem to appear when pullout failure occurs. De Lorenzis (1, 
21) reported that the local bond strength of the epoxy-to-concrete interface for pre­
formed grooves was shown to decrease almost linearly with the increase in groove 
size. An equation is presented to compute the local bond strength for different groove 
sizes (21). 
Burke et al (14) doubled the groove width from 3.2 mm to 6.4 mm and observed 
that there was no discernible impact on the performance of epoxy adhesive 
strengthened members either at room or low temperatures (-27°C). They suggested 
that the current groove dimension limits recommended by ACI 440 (4) may not be 
necessary. 
In all existing studies, NSM strips were bonded using epoxy either along all four 
sides of the strip surface (1, 22, 23), or along three sides of the strip surface only (1, 
19), (refer to Figure 1). Due to the large width to thickness ratio of the strips, the 
reduction in the bond surface in the latter case is negligible. 
1.2.4. Groove position 
De Lorenzis (1) recommends the following groove position for better bond 
behavior of NSM FRP structures. If a single NSM bar has to be provided on the 
tension side of an RC member then it should be naturally located in the center of 
beam. When two or more NSM bars have to be provided, then the distance between 
two adjacent NSM bars and the distance between the edge of the member and the 
adjacent bar become important design parameters. 
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1.2.5. Development length 
Sena Cruz and Barros (24) predicted the development length for NSM strips to 
be about 90 mm or less than 10 times the strip height. Blaschko (16) proposed a 
development length approximately equal to 150 mm or 7.5 times the strip height in 
the absence of edge effects (i.e, a^ >150 mm) and increases with a decreasing a^ (refer 
to Figure 1). Hassan and Rizkalla (19) found that the development length is highly 
dependent on strip dimensions, groove size, concrete and adhesive properties, internal 
steel reinforcement ratio, reinforcement configuration, and type of loading. They 
suggested that the development length increases with the increase in internal steel 
reinforcement ratio, and decreases either with the increase in concrete compressive 
strength or the groove size or both. Parretti and Nanni (18) proposed the following 
equation to calculate the development length of rectangular FRP bar or strips which is 
also reiterated in ACI-440 2008 (4): 
= 2(o+iX0.5r^)/A (1) 
where a and b are the width and height of the FRP bar or strip respectively; ffe is the 
effective tensile strength of FRP reinforcement and is the maximum bond stress 
for FRP reinforcement. Hassan and Rizkalla (19) suggested an expression for Tmax 
when concrete crushing is the controlling failure mode. When the controlling failure 
mode is not known a conservative value of Tmax= 3.5 MPa (0.50 ksi) is suggested. 
1.2.6. Flexural strengthening of beams 
1.2.6.1. Summary of existing work 
Hassan and Rizkalla (19, 25) conducted flexural tests on RC beams with 
NSM CFRP round ribbed bars and strips of varying embedment length. Failure of 
beams with NSM round ribbed bars occurred by splitting of the concrete cover 
followed by the complete debonding of the bars in all cases. These authors 
concluded that the tensile rupture of this type of bar was unlikely to occur, 
regardless of the embedment length, provided the maximum usable strain of the 
bars is limited to 0.7-0.8%, and the anchorage length is no shorter than 800 mm. 
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In the case of beams with NSM strips, rupture of the strips occurred when the 
embedment length was longer than 850 mm. 
Teng et al. (26) conducted flexural tests on RC beams with NSM strips of 
varying embedment length. As the embedment length increased, the failure mode 
changed from concrete cover separation starting at the cut-off section, to crushing 
of concrete followed by secondary cover separation close to the maximum 
moment region. In the beams with the two longest embedment lengths, secondary 
debonding mechanisms were also observed. 
Barros, Fortes et al (23) have also used NSM strengthening technique for 
doubling the load carrying capacity of concrete beams failing in bending. This 
purpose was practically attained since an average increase of 91% of the 
maximum load was obtained. In addition, high deformability was assured at 
failure of strengthened beams. Maximum strain values ranging from 62% to 91% 
of the CFRP ultimate rupture strain were registered, revealing that this technique 
can mobilize stress levels close to the tensile strength of this composite material. 
They also observed that the deflection of strengthened beams were similar to their 
corresponding reference beams. Their numerical model reproduced the 
experimental load deflection behavior with high accuracy. 
De Lorenzis (1) has reported that the behavior of pre-damaged beams 
strengthened with NSM FRP is of significant practical interest, as cracking and 
damage to the cover of the steel reinforcement may have a significant effect on 
the debonding failure process. It was also pointed out that the effect of steel to 
FRP ratio on the flexural behavior of RC element needed investigation owing to 
limited experimental data. She suggests that the relationship between bond failure 
mechanisms in bond test specimens and debonding failure mechanisms in 
flexurally-strengthened beams need to be clarified by detailed experimental 
studies as well as rigorous theoretical modeling. Once this relationship is 
clarified, it will be possible to develop numerical and analytical models for 
predicting debonding failures. She also remarked that given the large number of 
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parameters that can affect the flexural behavior of RC beams with NSM FRP 
reinforcement, a great deal of further experimental and theoretical work is 
required. Her review concludes that the existing work on NSM CFRP method is 
still limited in both scope and depth, and many questions need to be answered 
before the technique can be widely accepted by practicing engineers (1). 
It has been observed from literature review that prediction of performance of 
NSM-CFRP retrofitted beams beyond cracking stage is of vital importance; and 
the current design guidelines by Parretti and Nanni (18), and ACI-440 2008 (4), 
conservatively predicts the same (1). 
One study by El-Hacha and Rizkalla (1, 27) has compared equivalent 
amounts of NSM reinforcement provided as round bars or strips. As expected, 
strips performed better and failed by tensile rupture as opposed to debonding of 
round bars. This was due to higher local bond strength and larger lateral surface to 
cross-sectional area ratio of NSM strips. 
1.2.6.2. Failure modes 
De Lorenzis (1) classifies the possible failure modes of beams flexurally-
strengthened with NSM FRP reinforcement as two types: 
(a) those of conventional RC beams, including concrete crushing or FRP 
rupture generally after the yielding of internal steel bars, for which the 
composite action between the original beam and the NSM FRP is practically 
maintained up to failure; and 
(b) "premature" debonding failure modes which involve the loss of this 
composite action. 
Although debonding failures are less likely a problem with NSM FRP 
compared to externally bonded FRP, they may still significantly limit the 
efficiency of this technology. Some researchers (15, 28) extended the NSM FRP 
reinforcement over the beam supports to simulate anchorage in adjacent members. 
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Despite this anchorage, debonding failures can still occur (28). The beam reported 
in the research by Taljsten et al (15) failed by FRP rupture, as opposed to 
debonding observed in an identical beam with the NSM reinforcement terminated 
away from the supports. Blaschko (16) reported the results of two beam tests: the 
first one failed by concrete cover separation starting at the cut-off section; but the 
second beam, which was provided with a steel U-jacket bonded to the cut-off 
section, failed by the rupture of the FRP strips. There is still limited understanding 
of the mechanics of debonding in beams strengthened with NSM systems. 
Description of failure modes in the existing literature are often not sufficiently in 
detail to understand the progression of the failure process (1). Based on the 
available experimental evidence, De Lorenzis (1) identified the following possible 
failure modes of beams flexurally strengthened with NSM FRP reinforcement: 
1. Bar-epoxy interfacial debonding 
2. Concrete cover separation 
a. Bar end cover separation 
b. Localized cover separation 
c. Flexural crack-induced cover separation 
d. Beam edge cover separation 
3. Epoxy-concrete interfacial debonding 
4. Secondary debonding failure mechanisms 
The interactions between the main failure modes and the "secondary" 
failure modes are still unclear and requires further investigation (1). 
Bisby (29) points out that the large variety of possible failure modes makes 
the development of simple design procedures and strain limits difficult. 
1.2.6.3. Prediction of ultimate loads and load-deflection behavior 
For the safe design of an NSM FRP system and for the flexural 
strengthening of an RC beam, the foremost issue is the prediction of the ultimate 
load. If the failure of a strengthened beam does not involve debonding, then the 
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failure load can be easily predicted using equations developed for externally 
bonded FRP based on the plane section assumption (1, 30) and with the difference 
in position between the two types of reinforcement duly taken into account. 
Accurate predictions of debonding failure loads are much more challenging. 
The few theoretical models developed so far are extensions of approaches 
developed for externally bonded FRP laminates. For instance, Hassan and 
Rizkalla (19) proposed a theoretical model for NSM strips (valid only for concrete 
shear failure at the epoxy-concrete interface at the cut-off section) which is an 
extension of the interfacial stress-based approach proposed by Malek et al. (31). 
The model has been compared with a very limited database. Moreover, the failure 
mode assumed in the model of Hassan and Rizkalla (19) was only observed by 
these authors in their test and has not been seen in other tests. 
Development of reliable predictive models for debonding failure requires a 
thorough understanding of the mechanics of debonding failures, and the 
qualitative and quantitative roles of relevant variables. The most challenging 
aspect in tackling this problem appears to be the lack of a direct correlation 
between the bond failure modes in bond specimens and the debonding failure 
modes in flexural ly-strengthened beams. The possible reasons are the presence of 
flexural and flexural-shear cracks which alter the bond stress distribution, the 
curvature of beam, the dowel action of FRP bars restraining the opening-up of 
inclined bond cracks, which are all absent in a bond specimen (1,29). 
The load-deflection behavior of beams strengthened with NSM 
reinforcement can be predicted with reasonable accuracy by the conventional 
sectional approach neglecting tension stiffening and assuming a perfect bond for 
both steel and NSM reinforcement (1, 17, 28). More refined approaches such as 
taking tension stiffening into account (with different laws for un-strengthened and 
strengthened beams) (23, 32) and modeling slips of steel and FRP reinforcement 
using experimentally determined bond-slip equations (33) have delivered more 
accurate predictions of experimental load-deflection curves. 
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1.2.7. Flexural strengthening of slabs 
Ebead and Marzouk (34) reported a 40% gain in load carrying capacity when 
two-way slabs were retrofitted with CFRP strips. The retrofitted specimens were 
stiffer compared to reference specimens. A decrease in ductility and energy 
absorption was also recorded. The discontinuity of CFRP strips, in the retrofit pattern 
adopted, was reported to have limited the increase in flexural capacity. 
Bisby et al (11, 12, 14, 29) experimentally investigated the flexural performance 
of NSM-CFRP strengthened RC slab strips (one-way slabs) at room temperature, low 
and elevated temperatures. They also varied the adhesive type and groove width to 
realize the impact. At room and low temperatures (-27°C), they found that the epoxy 
strengthened specimens achieved 180% strength gain while the cementitious grout 
strengthened specimens achieved 110%. Also there was no discernible impact of 
groove width on the performance of epoxy adhesive strengthened members at either 
room or low temperatures suggesting that the groove dimension limits currently 
recommended by ACI 440 (4) may not be necessary. They concluded that although 
the epoxy adhesive provided superior bond performance compared to cementitious 
grout adhesive, the latter can be used more effectively with stringent strain limits. 
Bonaldo et al (32) investigated the effectiveness of NSM technique in increasing 
the service and ultimate load carrying capacity of one-way reinforced concrete slabs. 
They found that 0.12% of CFRP laminates increased the service load of 1.8m 
concrete slabs, with 0.24% steel reinforcing ratio, by 54%. They also obtained an 
increase of 390% in the maximum load carrying capacity of the slab. They observed 
that strengthened slabs failed at a deflection of about 5% of the slab span. The 
numerical model developed reproduced experimental load deflection behavior with 
high accuracy. 
All existing test results on strengthened beams and slabs indicate that the NSM 
reinforcement improved the proportional limit, post-cracking stiffness, as well as the 
ultimate load. Some test programs included identical beams strengthened with 
equivalent amounts of FRP provided as either externally bonded or NSM 
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reinforcement. In all cases, NSM reinforcement performed more efficiently and 
debonding of NSM reinforcement occurred at a higher strain or did not occur at all (1, 
19,27, 35, 36). 
The present dissertation is focused not only on key issues related to NSM-CFRP 
retrofitting that wasn't previously studied by other investigators, but also on 
innovative retrofitting schemes. Furthermore, the study of both beams and slabs with 
NSM-CFRP retrofitting subject to impact loading has not been attempted in the past. 
1.3. Definition of Problems 
This dissertation deals with the study of flexural behavior of reinforced concrete 
beams and slabs with and without NSM retrofitting using CFRP strips. Both static and 
impact loading conditions are considered. 
Static loading of the beams involves gradually increasing a pair of concentrated 
transverse loads up to the collapse condition. This is also commonly referred to as four-
point or two-point loading. The behavior of both undamaged and pre-damaged beams 
with retrofitting was investigated. In addition to conducting a series of experiments, two 
different nonlinear theoretical procedures are presented to accurately predict the observed 
experimental behavior of the beams. The first procedure involves coupling of a nonlinear 
cross-sectional moment-curvature relation with an iterative finite-difference approach to 
predict the overall behavior of the RC beam with and without retrofitting up to the 
collapse condition. The second procedure involves coupling of the same nonlinear cross-
sectional moment-curvature relation with an iterative nonlinear moment area method. 
Static loading on the slabs involve gradually increasing the transverse load, 
concentrated at the center, up to collapse condition. An innovative approach to 
retrofitting is used for one slab and its performance is compared to another one without 
retrofitting. 
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Experiments are also conducted on beams and slabs, with and without retrofitting, 
subjected to impact loads. The performance of these members is evaluated using 
acceleration versus time curves. A simplified single-degree-of-freedom elasto-plastic 
model was developed to predict their dynamic behavior. A total of 23 beams and 4 two-
way slabs were tested. 
1.4. Objectives and Scope 
This dissertation presents the outcome of experimental and theoretical investigations 
on the effectiveness of NSM-CFRP strips for retrofitting RC beams and slabs subject to 
static and impact loads. The principal part of study is focused on understanding the 
flexural behavior and ductility of both pre-retrofitted and post-retrofitted RC beams with 
varying steel to FRP ratios under gradually increasing static loads. 
Another objective of this research is to determine the effectiveness of CFRP 
retrofitting of beams and slabs when subjected to an impact load. 
In this study #2 carbon fiber reinforced plastic strips, commercially called Asian 500, 
was used for retrofit. In addition Grade 60 steel reinforcement and concrete having a 
nominal 28-day ultimate compressive strength of 5,000 psi are adopted. The RC beams 
are simply-supported and subjected to two-point concentrated static or impact loads. The 
slabs are simply-supported only at the four corners and subject to concentrated static load 
and impact load at the center. 
1.5. Assumptions and Conditions 
1. Failure of a strengthened beam does not involve debonding of NSM-CFRP strips 
or steel reinforcements. 
2. Stirrups are provided in beams to avoid pre-mature shear failure. No stirrups are 
provided in the pure moment region. 
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3. Rebars provided in the compression zone are minimal and intended to serve as 
holding bars for stirrups. They are cut at the beam mid-span, in the pure moment 
zone, to ensure they do not contribute to the flexural resistance of the beam. 
4. Beams do not develop lateral-torsional buckling. 
5. The stress-strain relationships of concrete, steel and CFRP strips are assumed to 
be trilinear, bilinear, and linear, respectively. 
6. The stress-strain relationship of unconfmed concrete is adopted, that is, the effect 
of concrete confinement due to the presence of stirrups is neglected. 
7. Specimens are assumed to absorb all the energy from impact load and dissipation 
to the supporting structures is considered minimal. 




2.1. Material Properties 
Three different materials, namely, concrete, steel reinforcements and CFRP strips are 
utilized in the experimental part of the study. This section presents the mechanical 
properties of each of these materials. The properties documented herein are used as part 
of the input data for the analyses presented later in this dissertation. 
2.1.1. Concrete 
The 28-day cured compressive strength of concrete averaged 5,600 psi. Each 
cylinder (4in x 8in) was mounted with one strain gage on either side, in the 
longitudinal direction, as shown in Figure 2. Strain gages were connected to the P3 
Strain Indicator box, made by Vishay Micromeasurements, to record strain. The 
compression apparatus used to test the cylinders is shown in Figure 3. Figure 4 shows 
a pair of experimental concrete stress-strain curves, each based on an average of three 
cylinder tests. The tri-linear idealized relationship in this figure is shown with solid 
lines. The unit weight of concrete was found to be 145 pcf. 
Figure 2. Test cylinder with strain gage. 










0 —, , -) , 
0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 
Strain (in/in) 
Figure 4. Stress-strain relationship of concrete. 
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2.1.2. Steel 
Grade 60 steel was used both in beams and slabs. A strain gage was installed on 
either side of the steel specimen at the center, in the longitudinal direction, as shown 
in Figure 5. The strains were then recorded using the P3 strain indicator box. Figure 6 
shows the tension test setup. Tension test results indicated an idealized yield stress of 
65 ksi over the applicable range of strain values between zero and well below 0.02 
in/in as shown in Figure 7. Modulus of elasticity (E) was found to be 30324 ksi. The 
beams had #5 steel as tensile reinforcement while slabs had #4 rebars. More details 
on steel reinforcement and their location will be presented in subsequent sections. 
Figure 5. Test specimen with strain gage. 









0 0.05 0.1 0.15 0.2 
Strain (in/in) 
Figure 7. Stress-strain relationship of steel. 
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2.1.3. Carbon Fiber Reinforced Plastic (CFRP) strips 
CFRP strips, commercially sold by Hughes Brothers under the name 'Asian 500 
#2 tape', were used in the present study for retrofitting reinforced concrete members. 
Tensile tests were conducted on the specimens to determine the material properties 
with a loading rate of 0.05 in/min as specified in ASTM D7205/D7205M-06. A 
typical test specimen with strain gages is shown in Figure 8. Figure 9 shows the failed 
specimen with massive separation of fibers. Figure 10 shows the test results and a 
linear approximation. 
The material properties of CFRP strip are summarized below: 
Dimensions: Width 0.63 in (16 mm), Thickness - 0.079in (2 mm) 
Cross-sectional Area: 0.0498 in 
Tensile Strength: 255.6 ksi 
Tensile Modulus of Elasticity: 20 x 106 psi 
Ultimate Strain: 0.01325 in/in 
Figure 8. Test specimen with strain gage. 
Figure 9. Failure of CFRP strips under tensile test. 
300000 







0.002 0.004 0.006 0.01 0 0.008 0.012 0.014 
Strain (in./in.) 
Figure 10. Stress-strain relationship of CFRP strip. 
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2.1.4. Sikadur 30 epoxy paste adhesive 
Sikadur 30 is a two-component, 100% solids, moisture-insensitive, high-modulus, 
high-strength, structural epoxy paste adhesive. This was used to bond CFRP strips to 
reinforced concrete members. The manufacturer's instruction was followed to prepare 
the epoxy. It has the consistency of peanut butter and is well suited for interior 
vertical and over-head applications. Sikadur 30 requires a curing time of 7 days at 
room temperature. The minimum age of concrete prior to the application of epoxy is 
recommended to be 21-28 days. Minimum application temperature is 40 F (4.45° C). 
2.2. Test Specimens 
A total of twenty-three singly-reinforced concrete beams and four two-way slabs 
were tested in the present investigation. The details of test specimens are given in Tables 
1,2 and 3. 
Twenty-one beams and two slabs were tested under static loading condition. Out of 
the twenty-one beams, twelve were pre-retrofitted, six were post-retrofitted and three 
were control specimens. The remaining two beams and two slabs were tested under 
impact loading condition. 
The beams referred to as post-retrofitted were first subjected to a service load of 10 
kips and unloaded; then strengthened and re-tested to failure. The ones being called as 
pre-retrofitted were first retrofitted and then tested to failure. 
The procedure for retrofitting is described in Section 2.3.2. After retrofitting, a curing 
period of 7 days was allowed for the epoxy to reach its design strength. 
Companion cylinders were cast along with each beam and slab. A minimum of 28-
day curing period was used. 
Table 1. Test program for reinforced concrete beams. 















1 Post-retrofit - 3 strips at bottom 1#5 3 48 Tension zone Post 
2 Control Beam 1#5 none none none none 
3 Post-retrofit - 2 strips at bottom 1#5 2 48 Tension zone Post 
4 Post-retrofit - 4 strips at bottom 1#5 4 48 Tension zone Post 
5 Pre-retrofit - 2 strips at bottom 1#5 2 48 Tension zone Pre 
6 Pre-retrofit - 3 strips at bottom 1#5 3 48 Tension zone Pre 
7 Pre-retrofit - 4 strips at bottom Static loading: 1#5 4 48 Tension zone Pre 
8 Post-retrofit - 2 strips at bottom 2 Point (4 point) 2#5 2 48 Tension zone Post 
9 Post-retrofit - 3 strips at bottom 2#5 3 48 Tension zone Post 
10 Post-retrofit - 4 strips at bottom 2#5 4 48 Tension zone Post 
11 Control Beam 2#5 none none none none 
12 Pre-retrofit - 2 strips at bottom 2# 5 2 48 Tension zone Pre 
13 Pre-retrofit - 3 strips at bottom 2#5 3 48 Tension zone Pre 
14 Pre-retrofit - 4 strips at bottom 2#5 4 48 Tension zone pre 
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15 Control Beam 
Static loading: 
2 Point (4 point) 
3#5 none none None None 
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Pre-retrofit - 4 full length strips 
at top 





Pre-retrofit - 5 full length strips 
at bottom 





Pre-retrofit - 5 full length strips 
at top and 5 full length strips at 
bottom 






Pre-retrofit - 2 full length strips 
at bottom 





Pre-retrofit - 3 full length strips 
at bottom and 2 full length strips 
at top 






Pre-retrofit - 4 full length strips 
at bottom 




22 Control Beam 
Impact Loading: 
2 point (4 point) 
3#5 none none None None 
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Pre-retrofit - 4 full length strips 
at bottom 











No. of CFRP strips 
(Retrofitting) 
Type of Test 
1 5 # 4 none Static 
2 5 # 4 15 Static 
3 5 # 4 none Impact 
4 5 # 4 15 Impact 
2.2.1. Steel-reinforced concrete beams 
All beams have a 6 x 9 in. rectangular cross section, an overall length of 6.75 ft., 
and an effective span of 6ft. The rebars on the compression side were cut at the center 
to make them serve only as holding bars for stirrups, as shown in Figures 11-13. 
Stirrups were not provided in the central 15 in. segment of the beam so as to get pure 
flexural moment zone. Four control beams were part of the study. Three beams were 
used for static test and one was used for impact test, as presented in Tables 1 and 2. 
The typical pattern of reinforcement and cross-sectional details are shown in Figures 
11-13. All dimensions in these as well as subsequent figures of beams and slabs are in 
inch units. 
2.2.2. Reinforced concrete beams with CFRP strips 
Thirteen pre-retrofit and six post-retrofit beams are included in the present 
investigation. The length of CFRP strips used for retrofitting is indicated in Tables 1 
and 2. They were either chosen to be 48 inches long, adequate to strengthen the pure 
moment zone with sufficient development length; or 77 inches long, to strengthen the 
entire length of the specimen. The typical pattern of reinforcement and cross-sectional 
details are shown in Figures 14-20. 
For beams retrofitted in compression zone, only 77-inch CFRP strips were used. 
The spacing was kept the same as for the tensile strips, as shown in Figure 20. 
-33.00-
0.375— • ~?0 
c/c 
4.0 
1 c/c ' 
Section in 
sheor zone 
-3.00 2 § 5 bars 
-81.00-
11 @ 3 in c/c 
1 § 5 bar 
Figure 11. Control beam with 1#5 rebar in tension zone. 
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Figure 12. Control beam with 2#5 rebar in tension zone. 
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Epoxy layer CFRP Strip 
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Epoxy layer CFRP Strip 
Figure 18. Schematic of beam retrofit in compression only with four 77in CFRP strips. 
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2 CFRP Strips 
Figure 19. Bottom view of retrofit beam with two 77in CFRP reinforcements. 
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ii "Tui t 6.0 i£_l 
81.0 
5 CFRP Strips 
Figure 20. Bottom view of retrofit beams showing different configurations of 77in CFRP reinforcement. 
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2.2.3. Reinforced concrete slabs 
Four isotropically reinforced two-way slabs, with #4 rebars, were also part of the 
study. Slabs were 5 x 5 ft. in dimension and 4 inches deep. The typical pattern of 
reinforcement and cross-sectional details are shown in Figure 21. Two slabs were 






-12.00 -12.00—-t —i4.25r— 
^0 
Figure 21. Plan and side views of slab showing reinforcements. 
2.2.4. Reinforced concrete slabs with CFRP strips 
First a control slab was tested under static load, applied at the center, to study the 
flexural behavior and measure the ultimate load carrying capacity. This ultimate load 
was then delivered by a drop impact of 400-lb steel cylinder to another control slab. 
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Failure patterns of the two control slabs and expanse of damage from both tests were 
recorded; shown in Figures 118 and 123. The other two concrete slabs were then 
retrofitted in the damage-prone region as shown in Figures 22 - 24. The 45° retrofitting 
angle was adopted to take advantage of bending behavior of two way slabs and its 
effectiveness can be realized from the results. After strengthening, one slab was subject 
to a gradual increasing load until failure and the other slab was subjected to a drop 
impact, with the same intensity as that for the control slab. 





Figure 22. Bottom view of slab indicating retrofit pattern with dimensions in inch. 
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Figure 23. Length (in.) of CFRP strips mounted on the bottom surface of the slab. 
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Figure 24. Spacing (in.) of CFRP strips mounted on the bottom surface of the slab. 
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2.3. Test Setup and Testing Procedure 
The specimen preparation, retrofitting method, test setup and testing procedure will be 
discussed in this section. 
2.3.1. Test specimen preparation 
Wooden molds were fabricated at Coastal Precast Systems (CPS), Chesapeake, for 
casting the concrete specimens. The reinforcement skeleton was placed in the 
formwork, taking care to provide sufficient clear cover at the bottom and sides. 
Concrete was mixed in batch mixers and poured into the molds by crane. Compaction 
was done using needle vibrators. Curing was done at CPS facility by covering the 
specimens with wet membrane. Companion cylinders were cast for each batch of mix. 
Figure 25. Wooden form work. Figure 26. Reinforcement cage. 
Figure 27. Compression rebar cut at center. Figure 28. Concrete Pour. 
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Figure 29. Compacting concrete. Figure 30. Curing concrete. 
2.3.2. Procedure for mounting CFRP strips on RC members 
The procedure for retrofitting concrete beams and slabs with CFRP strips is detailed 
below with reference to Figures 31-37. 
1. Using a diamond blade concrete saw cut a groove (or slot) V* inch wide and 1 
inch deep. The use of two diamond blades on the arbor may be necessary to 
make the V* inch wide cut. 
2. The slots are thoroughly cleaned with compressed air to eliminate dust. 
3. The slot is masked to prevent excess adhesive from marring concrete surface. 
4. Mix Sikadur 30 epoxy per instructions and fill the slot up to half point with it. 
Care should be taken to avoid entrapping air voids. 
5. The CFRP Strip is then inserted into the slot maintaining a clear cover of 0.16 in 
(4 mm) from the bottom of the concrete surface. 
6. Fill the slot completely with Sikadur 30 epoxy. 
7. Clean up the surface and remove masking. 




Figure 31. CFRP strips inserted in slots and filled with epoxy. 
Figure 32. Slots on tension side of beam. Figure 33. Slots filled with strips and epoxy. 
Figure 34. Slots made on control beam. Figure 35. Retrofit beam. 
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Figure 36. Retrofit area for slab. Figure 37. Slots made for retrofitting slab. 
2.3.3. Testing arrangement for beams and slabs 
Beams and slabs subject to static loading were tested under loading frame fitted 
with a 55-kip MTS load cell. The load cell was controlled by Enerpac manual hydraulic 
jack. 
The beams were simply supported with an effective span of 6 ft and loaded 
symmetrically at 2 ft (24 in) from either end leaving a central constant moment zone of 








Figure 38. Schematic representation of test setup of beam. 
40 
Figure 39. Test setup of beams. 
Slabs (5ft x 5ft) were simply supported on four corners maintaining an effective 
span of 4ft x 4ft. The support arrangement is shown in Figure 40. Load was applied 
through a 5in x 5in x 1.5in steel plate. 
Figure 40. Test setup of slabs. 
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2.3.4. Measurement of deflection 
Deflections were measured for specimens subjected to static loading condition only. 
For this purpose, three dial gages with least count 0.001 in. were used; one at the center 
and two near the supports to capture sinking effect if it were to occur, as shown in 
Figure 39. Before application of load, the initial readings of dial gages were noted 
down. Then the readings were recorded at each load increments. 
For slabs, the deflection was measured at the center and between the supports. 
2.3.5. Measurement of strain 
For control beams, seven strain gages were used to record the distribution of strain 
corresponding to the load. One gage was mounted at the center of tension zone on top 
of the beam and is referred as SGI. Five strain gages were mounted across the depth of 
the cross section, along the center of constant moment zone. They are denoted as SG 2 
to SG 6 respectively from the top to bottom and shown in Figure 43. One strain gage 
was mounted at the center of compression zone on the bottom surface of beam and 
referred as SG 7. Figures 41-43 show the location of these gages. 
For retrofit beams, in addition to the aforementioned locations strain gages were 
also mounted at the center of CFRP strip and embedded into concrete. Retrofit beams 
had a minimum of 8 gages and a maximum of 11 strain gages. 
-81.0-
Stra in Gage 
Figure 41. Location (in.) of strain gage on tension and compression side of beam. 
. 
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Figure 42. Location (in.) of strain gages along the side of the beam. 
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Figure 43. Beam with strain gages mounted across the depth of the cross section. 
For the control slab, one strain gage was mounted at the center of the bottom 
surface as shown in Figure 44. For retrofit slabs, in addition to the bottom surface, 
strain gages were also mounted at the center of CFRP strips and embedded into 
concrete as shown in Figures 45 and 46. 
30.0 
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Figure 45. Location (in.) of strain gages on CFRP strips embedded into retrofit slab subject 





Figure 46. Location (in.) of strain gages on CFRP strips embedded into retrofit slab subject 
to impact test. 
Model P3 Strain indicator and recorder, by Vishay Micromeasurements, was used 
to record strain when test specimens were subject to gradually increasing static loads, 
as shown in Figure 47. Each meter has 4 input channels and a quarter bridge connection 
was used to acquire strain data. 
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Figure 47. Model P3 strain indicator and recorder by Vishay Micromeasurements. 
Strainsmart Model 7000-128-SM scanner, by Vishay Micromeasurements, was 
used to record strain along the depth of the cross section of beam and on CFRP strips, 
when test specimens were subjected to impact loads. Figure 48 shows the strainsmart 
system. It has a maximum sampling rate of 2048 samples per sec per channel and a 
resolution of 0.5 microstrain. 
Figure 48. Model 7000-128-SM strain scanner by Vishay Micromeasurements. 
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Additionally, an oscilloscope was used to capture the energy of impact on test 
specimens. Strain gages mounted on the top and bottom of the beam were connected to 
this instrument in order to record the progression of energy. The oscilloscope had a 
sensitivity of 1 vol/div and a sweep rate of 100 ms/div. 
2.3.6. Measurement of acceleration 
Accelerometers were employed to gather acceleration data from test specimens 
subject to impact load. 10G wireless tri-axial accelerometers, G-Link from Microstrain, 
were used to wirelessly stream acceleration data to laptop. For beams, two 
accelerometers were utilized; one was mounted at the center of the side surface and 
another was mounted at the center of the tension surface avoiding strain gages. For 
slabs one accelerometer was mounted on the tension surface nearest to the center 
avoiding strain gage as shown in Figure 49. Each accelerometer recorded accelerations 
in x, y and z axis (three channels) and had a sampling rate from 565 to 829 readings per 
sec per channel depending on the model's firmware. 
Figure 49. Accelerometer mounted on the bottom surface of slab. 
47 
2.3.7. Test procedure 
For specimens subject to static loading, a small increment of load was applied using 
manual hydraulic pump at frequent intervals until failure. At each increment, 
corresponding deflections, strains, length and number of cracks was recorded. At the 
point of failure, the maximum crack width of the specimen was noted. 
For specimens subject to impact loading, a 400 lb steel cylinder, with 5.5 in cross-
sectional diameter and 5 ft length, was allowed to drop freely from a pre-calculated 
height. This height was obtained using work-energy principles (37) and explained 
further in Appendix G. With such an operating mechanism, secondary and tertiary 
impact of cylinder on the specimens could not be avoided. However, the primary 
objective was always to capture the behavior of specimen due to primary impact. 
Figure 50 shows the test setup for impact loading of beams. 
Figure 50. Test setup for impact load of beams. 
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2.4. Test Results 
In this section, experimental results of beams and slabs are presented. The load 
mentioned here-in is the load 'P' recorded by the load cell as shown in Figure 38. 
2.4.1. Beam Tests 
2.4.1.1. Static Test 
Figures 51-63 present the load-deflection plots for concrete beams subject to 
static tests. FL legend denotes 'Full Length'. 
Figure 51 compares the load-deflection behavior of control beams 2, 11 and 15. 
Beam 2 had 1#5 rebar, Beam 11 had 2#5 rebars and Beam 15 had 3#5 rebars. From 
this figure it is evident that the greater the amount of tensile reinforcement, the 
higher the stiffness. Each #5 rebar has increased the strength of its predecessor by at 











Figure 51. Load deflection plot for control beams. 
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Figure 52 presents the experimental load-deflection behavior of all beams with 
1#5 rebars. The retrofit beams performed well compared to the control beam, as 
expected. All retrofit beams failed virtually at the same load irrespective of the 
number of CFRP strips reinforced with. Pre and Post retrofit beams failed by 
flexural shear crack that developed from the end of CFRP strengthened region (or 
cut-off section) and progressed to the compression side along the central moment 
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Figure 52. Load deflection plots for beams with 1#5 rebars. 
Figure 53 compares the load-deflection behavior of pre and post retrofit beam, 
with two 48in CFRP strips, to the control beam (1#5 rebar). Retrofit beams are 
stronger than control beam by 44%. Both pre and post retrofit beams peaked at the 
same load and exhibited practically the same stiffness. 
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Figure 53. Load deflection plots for 1#5 beams retrofitted with 2 CFRP strips. 
Figure 54 compares the load-deflection behavior of pre and post retrofit beam, 
with three 48in CFRP strips, to the control beam (1#5 rebar). Retrofit beams are 
stronger than the control beam by 38%. Both pre and post retrofit beams peaked at 
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Figure 54. Load deflection plots for 1#5 beams retrofitted with 3 CFRP strips. 
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Figure 55 compares the load-deflection behavior of pre and post retrofit beam, 
with four 48in CFRP strips, to the control beam (1#5 rebar). Retrofit beams are 
stronger than the control beam by 38% on average. There was no considerable 
difference in the ultimate load carried by the two retrofit beams and exhibited 
practically the same stiffness beyond service load. 
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Figure 55. Load deflection plots for 1#5 beams retrofitted with 4 CFRP strips. 
Figure 56 compares the load-deflection behavior of beams reinforced with 1#5 
rebar vs 2#5 rebars, upto working load. Beams were loaded to service load before 
retrofitting to simulate practical conditions. At service loads 2#5 beams were 50% 
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Figure 56. Load deflection plots for 1#5 and 2#5 beams subjected to pre-load of 10 kips. 
Figure 57 presents the experimental load-deflection behavior of all beams with 
2#5 rebars. The retrofit beams performed well compared to control beam, as 
expected. All retrofit beams failed virtually at the same load irrespective of the 
number of CFRP strips reinforced with. Pre and Post retrofit beams failed by 
flexural shear crack that developed from the end of CFRP strengthened region (or 
cut-off section) and progressed to the compression side along the central moment 
zone. Close inspection revealed that CFRP was not fractured, but did suffer partial 
debonding. 
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Figure 57. Load deflection plots for beams with 2#5 rebars. 
Figure 58 compares the load-deflection behavior of pre and post retrofit beam, 
with two 48in CFRP strips, to the control beam (2#5 rebars). Retrofit beams are 
stronger than the control beam by 35% on average. There was no considerable 
difference in the ultimate load carried by the two retrofit beams and exhibited 
practically the same stiffness beyond service load. 
Figure 59 compares the load-deflection behavior of pre and post retrofit beam, 
with three 48in CFRP strips, to control beam (2#5 rebars). Retrofit beams are 
stronger than control beam by 29%. Both pre and post retrofit beams peaked at the 
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Figure 59. Load deflection plots for 2#5 beams retrofitted with 3 CFRP strips. 
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Figure 60 compares the load-deflection behavior of pre and post retrofit beam, 
with four 48in CFRP strips, to control beam (2#5 rebars). Pre-retrofit beam failed 
prematurely, by debonding of CFRP strip matrix, at the same load as control beam. 
Post retrofit beam was stronger by 38% compared to both beams. The retrofit 
beams exhibited practically the same stiffness beyond service load. 
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Figure 60. Load deflection plots for 2#5 beams retrofitted with 4 CFRP strips. 
Figure 61 presents the experimental load-deflection behavior of all beams with 
3#5 rebars. These retrofit beams were reinforced with 77in CFRP strips to avoid 
classic debonding failures experienced by 1#5 and 2#5 beams with 48-inch strips. 
The retrofit beams performed well compared to control beam, as expected. 
Figure 62 compares the load-deflection behavior of pre retrofit beams, with 
multiple 77-inch CFRP strips in tension zone, to the control beam (3#5 rebars). As 
expected, higher the number of strips, higher the strength. However, there was no 
significant difference between Beams 21 and 17, which were retrofit with 4 and 5 
CFRP strips respectively. All beams failed by crushing of concrete. 
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Figure 62. Load deflection plots for 3#5 beams retrofitted in tension zone only. 
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Figure 63 compares the load-deflection behavior of pre retrofit beams, with 
multiple 77-inch CFRP strips in tension and compression zone, to the control beam 
(3#5 rebars). Beam 16 which was retrofit with 4 CFRP strips in compression 
sported the same ultimate load as control beam except that the ductility was twice 
as much. Beam 18, which was retrofit with 5 CFRP strips each in tension and 
compression, carried the most load, and was 85% stronger than control beam. Beam 
20 which was retrofit with 3 CFRP strips in tension and 2 CFRP strips in 
compression was 42% stronger than control beam. In general, beams retrofit in 
compression exhibited considerably higher ductility over control beam. 
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Figure 63. Load deflection plots for 3#5 beams retrofitted in tension and compression zone. 
2.4.1.2. Impact Test 
Figures 64 and 65 show the acceleration vs time response for control and retrofit 
beams subject to an impact load of 37,900 lbs which was equivalent to the 
maximum static load for the control beam. As explained in Appendix G, a 400 lb 
steel cylinder was dropped from a height of 12.5 ft to deliver this force upon 
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impact. Retrofitted beam exhibited significantly smaller acceleration values than 
those recorded for the control beam. The accelerometer had difficulty staying 
mounted on the concrete surface and became detached almost immediately after 
impact. Thus the time interval of 0.1 sees was chosen to highlight the initial 
response of the beam to impact which was the focus of study, and when all 




















Figure 65. Acceleration vs time plot for retrofit beam. 
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Figures 66 - 76 show the strain vs time relationship for control and retrofit 
beams subject to impact load. Figure 43 shows the location of these gages. For both 
beams, SG 2, located near the compression side of beam, recorded a maximum 
strain of 0.003 in/in. It is noteworthy that SG 3, located halfway between the top 
and the midsection of beam, recorded the highest strain for both beams. SG 3 read 
0.052 in/in for control beam and 0.018 in/in for retrofit beam. SG 7, located on 
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Figure 70. Strain plot for gage 4 on control beam. 
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Figure 72. Strain plot for gage 5 on control beam. 
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Figure 73. Strain plot for gage 5 on retrofit beam. 
61 












Figure 74. Strain plot for gage 6 on control beam. 
Data Unavailable 
SG 7 mounted on the bottom surface of control beam 
broke during transportation to test area. 




Figure 76. Strain plot for gage 7 (on CFRP) of retrofit beam. 
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Strain gages mounted on the top (tension zone) and bottom (compression 
zone) surface of the beam subject to impact test were connected to an oscilloscope 
to monitor the strain energy. Figures 77 and 78 present the oscilloscope output. In 
Figure 77, the top bar represents the strain energy on the compression side and the 
bottom bar the strain energy on the tension side of the beam, upon impact. Thus 
one can infer that retrofit zone did a good job dissipating the energy of impact. 
This is also evident from the beam fracture shown later in this dissertation in 
Figure 115. Figure 78 shows the strain energy on the compression side of the 
beam upon impact. The bottom strain gage of the control beam was inadvertently 
broken during transportation to test bed. Impact energy experienced on the 
compression side of control and retrofit beams are approximately of the same 
order of magnitude as seen from Figures 77 and 78. 
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Figure 77. Oscilloscope output for a tension retrofitted beam subject to impact load. 





CHI 5b0mV ^CH? 500mV M250rm "'"'SflT-SSSnV 
<10Hi 
Figure 78. Oscilloscope output for a control beam subject to impact load. 
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2.4.2. Slab Tests 
2.4.2.1. Static Test 
Figures 79 and 80 show the load-deflection behavior of the control and 
retrofitted slab subject to static test. The retrofitted slab carried twice the load of 
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Figure 80. Load deflection plot of retrofit slab. 
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2.4.2.2. Impact Test 
Figures 81 and 82 present the acceleration vs time response for control and 
retrofitted slabs subject to an impact load of 17,500 lbs. A 400 lb steel cylinder 
was dropped from a height of 10 ft to deliver this force upon impact. Retrofitted 
slab exhibited three times higher stiffness than that of the control slab. The 
accelerometer had difficulty staying mounted on the concrete surface and became 
detached almost immediately after impact. Thus the time interval of 0.3 sees was 
chosen to highlight the first response of slab to impact, which was the focus of 
study and also when all instrumentation remained intact. The recorded maximum 






Figure 81. Acceleration vs time plot for control slab. 
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Figure 82. Acceleration vs time plot for retrofit slab. 
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Strain data collected from gages mounted on CFRP strips of a retrofitted slab 
subjected to impact test are presented Figures 83 to 91. Figure 46 shows the 
location of these gages. SG 2, SG 7 and SG 8 experienced a strain higher than 
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Figure 83. Strain plot for gage 1 on retrofit slab. 
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Figure 84. Strain plot for gage 2 on retrofit slab. 
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Figure 87. Strain plot for gage 5 on retrofit slab. 
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Figure 86. Strain plot for gage 4 on retrofit slab. 
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Figure 91. Strain plot for gage 9 on retrofit slab. 
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2.5. Fracture Patterns 
This section presents the failure patterns of test specimens subjected to static and 
impact loads. 
2.5.1. Beams subjected to static test 
Figures 92 through 113 show the failure patterns of beams, subjected to gradually 
applied two-point loading, at collapse. The reinforcing and retrofitting details are 
summarized in Tables land 2. Control Beams 2, 11 and 15 experienced the usual 
ductile failure: yielding of steel followed by crushing of concrete. Both pre and post 
retrofit beams with 48-inch CFRP strips failed by flexural shear crack that developed 
from the end of CFRP strengthened region and progressed to the compression side 
along the central moment zone. Close inspection revealed that CFRP strips were not 
fractured, but did experience debonding. Figure 106 highlights this failure mode. 
Beams retrofit with 77-inch CFRP strips experienced failure by crushing of 
concrete with no CFRP debonding, except for Beam 18. This beam was retrofit with 5 
CFRP strips each in tension and compression as shown in Figures 17 and 20. This 
arrangement gave Beam 18 an edge distance, a^ of 1 inch, as indicated in Figure 1. A 
splitting failure of concrete occurred along one side of the beam between the outer 
CFRP strip and the beams vertical face. Figure 110 shows the failure pattern of Beam 
18. Thus to avoid splitting failure of end concrete, has to be greater than 1 in. 
When unloaded after the test, all retrofit beams came back to their original 
position almost instantly, with negligible permanent set. This type of unloading 
behavior seems to have a high potential for further retrofit / repair without immediate 
need for replacement. 
Figure 92. Failure pattern of Beam 1. 
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Figure 93. Failure pattern of Beam 2. 
Figure 94. Failure pattern of Beam 3. 
Figure 95. Failure pattern of Beam 4. 
Figure 96. Failure pattern of Beam 5. 
Figure 97. Failure pattern of Beam 6. 
Figure 98. Failure pattern of Beam 7. 
Figure 99. Failure pattern of Beam 8. 
Figure 100. Failure pattern of Beam 9. 
Figure 101. Failure pattern of Beam 10. 
Figure 102. Failure pattern of Beam 11. 
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Figure 103. Failure pattern of Beam 12. 
Figure 104. Failure pattern of Beam 13. 
Figure 105. Failure pattern of Beam 14. 
(a) (b) 
Figure 106. (a) and (b) are close-up of debonding failures experienced by retrofit beams 
with 48-inch CFRP strips. 
Figure 107. Failure pattern of Beam 15. 
Figure 108. Failure pattern of Beam 16. 
Figure 109. Failure pattern of Beam 17. 
Figure 110. Failure pattern of Beam 18. 
Figure 111. Failure pattern of Beam 19. 
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Figure 112. Failure pattern of Beam 20. 
Figure 113. Failure pattern of Beam 21. 
2.5.2. Beams subjected to impact test 
Figures 114 and 115 show the failure pattern of control beam and retrofitted 
beam, respectively, each subjected to an impact load of 37,900 lbs. As seen from 
Figure 114, the nearly vertical mid-span crack in the control beam propagated all the 
way to the beam bottom. In contrast, however, the vertical crack in the retrofitted 
beam under impact was 'arrested' due to the tensile CFRP reinforcement. Instead, 
horizontal cracking developed above the CFRP strips. 
Figure 114. Control beam subjected to impact: Crack propagates through the beam. 
Figure 115. Retrofitted beam subjected to impact: Through crack arrested at retrofit zone. 
2.5.3. Slabs subjected to static test 
Figures 116 to 119 show the failure patterns of control and retrofitted slabs 
subject to static loading. The test procedure was summarized in Section 2.3.7 and 
Figure 40 showed the test setup. 
The control slab experienced a bigger cave-in compared to the retrofit slab as 
shown in Figure 116. CFRP strips in the retrofitted slab, however, held the concrete 
matrix together quite effectively as shown in Figure 119. Even the rather limited but 
visible spalling seen in Figure 119 was mainly due to loading the retrofitted slab 
beyond failure in an attempt to amplify the spalling itself. Since overloading still did 
not result in any substantial spalling, a hammer was used to knock-out any concrete 
chunks in order to expose the reinforcement for the purpose of observing its 
deformation. 
Figure 116. Top surface of control slab. Figure 117. Bottom surface of control slab. 
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Figure 118. Top surface of retrofit slab. Figure 119. Bottom surface of retrofit slab. 
2.5.4. Slabs subjected to impact test 
Figures 120 to 123 show the failure patterns of control and retrofit slabs subject to 
an impact load of 17,500 lbs. The test procedure was summarized in Section 2.3.7 and 
Figure 40 showed the test setup. 
The top of the control slab developed an 8 in. diameter hole due to the impact of 
the 5.5 in. diameter steel impactor. The bottom of the control slab developed concrete 
spalling over an area of approximately 2.5ft x 2.5ft region. The steel reinforcement 
had deflected by 2 in. at the slab center. In comparison, retrofit slab had a small dent 
on the top surface as shown in Figure 121, and the bottom surface was completely 
intact as shown in Figure 123. Punching shear plaguing the 4in thick control slab was 
completely eliminated in case of retrofit slab. Strain readings confirm that the three 
middle CFRP strips absorbed most of the impact energy, saving the slab. Figures 22 
to 24 show the arrangement of CFRP strips. The small dark patch at the center of the 
slab visible in Figure 123 was just the dried epoxy used for mounting the 
accelerometer. 
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Figure 120. Top view of control slab. Figure 121. Top view of retrofit slab. 
Figure 122. Bottom view of control slab. Figure 123. Bottom view of retrofit slab. 
2.6. Dimensionless moment-curvature regression model 
Figure 124 shows the dimensionless moment-curvature (M-0) relationships for 
beams retrofitted in tension only. The beams used for the development of the regression 
model were strengthened with 2 to 5 CFRP strips. The dimensionless M and ^ values 
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Figure 124. Dimensionless M-O curves for beams retrofitted in tension only. 
Figure 125 shows all data points from Figure 124 as a prelude to getting the best fit 
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Figure 125. Curve-fitting for dimensionless moment-curvature curve. 
2.7. Secant approach for experimental moment-curvature relations 
The maximum bending moment based on the loading scheme shown in Figure 38 can 
be written as: 
in which P is the total load on the beam. Based on elementary beam deflection theory 
(38), the mid-span deflection, A, for the loading in Figure 38 can be written as: 
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A - —  
56EI 
(5) 
Using Equations (4) and (5) one gets: 
If A in Equation (6) is taken from the generic experimental P- Aexpt (solid) curve 
shown in Figure 126 and re-named AeXpt, Equation (6) can be re-written as: 
in which the subscript s refers to the secant approximation of the P- Aexpt curve 
shown in Figure 126. Finally, the secant curvature from Equation (7) can be 
expressed as follows: 
For a given P value, Aexpt is found from Figure 126 and substituted in Equation (7) 
to determine (M/EI)S which in turn provides the value of the curvature <t> via Equation 
(8). This procedure results in a moment-curvature relationship for each beam tested 
while utilizing the experimental load-deflection curve. The next section describes 
how such a moment-curvature relation was curve-fitted. 
(7) 
(8) 
Figure 126. Secant approximation of a typical experimental load-deflection curve. 
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2.8. Curve-fitting moment-curvature relations 
Experimental moment-curvature plots were curve-fitted, upto 6th order polynomial, 
using Matlab R2011b and Excel 2010 programs. It was noticed that both software gave 
similar predictions. Hence, Excel 2010 was used for the remainder of the beams. This is a 
precursor to the analytical techniques described in Sections 3.2 and 3.3. 
For the curve-fitted equation, an R2 value closest to 1 was sought while keeping the 
degree of polynomial equation as low as possible for simplicity. A happy medium was 
struck in most cases without compromising the accuracy of predictions. These equations 
are presented with respective graphs in Figures 127 to 147. 
Experimental moment-curvature (M-O) curve had to be truncated near the peak load 
to improve the accuracy of curve-fitting and of the resulting predictions. Beam 14 best 
demonstrates this principle. In the first case, full experimental M-O (Exp) curve was 
utilized for curve-fitting. This gave an R2 value of 0.66 for 6th order polynomial fit. In the 
second case, the M-O (Exp 2) curve was truncated shortly after reaching the peak load 
and then curve-fitted. This gave an R2 value of 0.92 for a 5th order polynomial fit. 
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Figure 127. Best fit curve for Beam 1. 
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Figure 132. Best fit curve for Beam 6. 
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Figure 134. Best fit curve for Beam 8. 
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Figure 141. Best fit curve for Beam 15. 
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Figure 146. Best fit curve for Beam 20. 
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Figure 147. Best fit curve for Beam 21. 
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2.9. Comparisons and Discussion 
Table 4 compares the maximum strain readings for control beams subject to static and 
impact loads. As mentioned previously in Section 2.4.1.2, the impact load applied was 
equivalent to the maximum static load for the control beam. The beams were reinforced 
with 3#5 rebars in tension. Figures 41-43 show the location of these gages. Strains under 
impact load were greater compared to those with a static load of the same intensity. SG 3 
located halfway between the top and the midsection of the beam recorded the largest 
strain under impact, at 0.05305 in/in. The largest strain under static load was experienced 
by SG 1 mounted on the compression side of the beam at 0.0038 in/in. 
Table 4. Comparison of static and dynamic strains for control beams. 
Static Test - Beam 15 Impact Test - Beam 22 
Strain gage No. 
Max. static strain 
(in/in) 
Strain gage No. 
Max. dynamic 
Strain (in/in) 
1 -0.003834 1 -
2 -0.001846 2 -0.002972 
3 -0.000500 3 0.053050 
4 -0.000170 4 -0.000247 
5 0.000085 5 -0.000257 
6 0.000152 6 -0.000477 
7 0.000205 7 Broken 
Table 5 compares the maximum strain readings for retrofit beams subject to static and 
impact loads. The beams were reinforced with 3#5 rebars and four 77-in. CFRP strips in 
tension zone. Figures 41-43 show the location of these gages. Strains under impact load 
were greater compared to those with a static load of the same intensity. SG 3 located 
halfway between the top and the midsection of the beam recorded the largest strain under 
impact, at 0.018 in/in. The largest strain under static load was experienced by SG 1 
mounted on the compression side of the beam at 0.0033in/in. 
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Table 5. Comparison of static and dynamic strains for retrofit beams. 
Static Test - Beam 21 Impact Test - Beam 23 
Strain gage No. 
Max static strain 
(in/in) 
Strain gage No. 
Max dynamic 
Strain (in/in) 
1 -0.003266 1 -
2 -0.002256 2 -0.002687 
3 -0.000265 3 0.017715 
4 0.007390 4 -0.000126 
5 0.000157 5 0.002805 
6 -0.000470 6 -0.000285 
7 0.008801 7 0.004291 
8 0.000484 8 -
Table 6 compares the maximum strain readings for retrofitted slabs subject to static 
and impact loads. All strain gages were mounted on CFRP strips embedded into concrete. 
Figures 45 and 46 show the location of these gages. Strains under impact load were 
greater compared to strains under static load of the same intensity. The largest recorded 
dynamic strain was around 0.052 in/in by SG 2, SG 7 and SG 8. The largest recorded 
static strain was 0.0066 in/in by SG 5; this was closely followed by SG 8 and SG 10. 
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Table 6. Comparison of static and dynamic strains for retrofit slabs. 
Static Test Impact Test 
Strain gage No. 
Max. static strain 
(in/in) 
Strain gage No. 
Max. dynamic 
Strain (in/in) 
1 0.004260 n/a n/a 
2 0.003708 n/a n/a 
3 0.005690 n/a n/a 
4 0.005630 1 0.007383 
5 0.006606 2 0.055554 
6 0.005535 3 0.005591 
7 0.003858 4 0.002429 
8 0.006495 5 0.000960 
9 0.001558 6 0.001621 
10 0.006481 7 0.052696 
11 0.005834 8 0.052961 
12 0.005863 9 0.006497 
13 0.004783 n/a n/a 
14 0.005684 n/a n/a 




3.1. Moment-Curvature Relations 
Cross-sectional moment-curvature curves were numerically developed by enforcing 
both equilibrium and compatibility conditions. An iterative algorithm was developed and 
programmed based on dividing the cross section into a number of layers. The steel 
reinforcement and CFRP strips were also included as additional areas of internal 
resistance. It should be noted that as the layer becomes thinner the force in the layer and 
consequently the resultant forces will be more accurately calculated (39). 
3.1.1. Formulation 
Consider a reinforced concrete section as shown in Figure 148. First, the cross-
section is divided into a number of rectangular layers, n. Each i1*1 layer has a width 
equal to the section width and a depth equal to h/n. 
Et 





a ' r r 
h 
• • «=- 'T'Si«f 
* CFRP 
(a) (b) (c) 
Figure 148. (a) Layered rectangular section (b) Strain distribution 
(c) Stresses and forces 
Steps involved in the computation of moment and curvature for a singly 
reinforced rectangular concrete beam retrofit in tension zone are summarized below: 
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1. Select a starting value for the top concrete strain et 
2. Assume an initial value for the depth of the compression zone, c. 
3. For a layered section shown in Figure 148, having n layers numbered from the 
top with each layer having a depth of h/n, the average strain in layer i is, 
c--(/-0.5) 
^=-X-JL ~ (9) 
4. Determine the stress in each concrete layer corresponding to the average 
concrete strain in the same layer; this is done by using the stress-strain 
relationship of the concrete shown in Figure 4. 
5. Determine the corresponding strain in steel using the relation 
(10) 
C 
6. Using the stress-strain relationship shown in Figure 7, find the stress in steel 
corresponding to the above strain value. 
7. Now determine the strain in CFRP strip layer using the similar triangles 
relation 
(c+0.5-/*)£, 
«/=- — (H) 
c  
8. Calculate the corresponding stress in CFRP strip layer using stress-strain 
relationship shown in Figure 10. 
9. Find the concrete compressive force for each layer Nlj, above the assumed 
NA. 
10. Find the net compressive force by summing up the forces in all the concrete 
layers, found in step 9. 
C-5>1, (12) 
1=1 
11. Find the tensile force in each layer of concrete Ni, below the assumed NA, 
upto the last uncracked layer. 
12. Compute the tensile force in steel and CFRP strips. 
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13. Find the net tensile force by summing up the forces found in steps 11 and 12. 
T = t,N,+TM+TCF„ (13) 
1=1 
14. Check equilibrium of internal forces. 
If C < T, increase c 
If C > T, decrease c 
15. Repeat steps 3 to 14 for different c values until C and T are equal within an 
acceptable range. Once equilibrium is achieved, the value of c and the 
concrete top strain Et are used to find the corresponding curvature and 
moment. 
£ 
Curvature = </>,=— (14) 
c  
The final bending moment M„ is the summation of the product of layer forces 
by their distance from the neutral axis to the center of each layer i. 
16. Increase the value of top concrete strain et by a fixed value, until Et = 0.003, 
and repeat steps 2 to 15 each time to calculate points on the M-O curve. 
Matlab programs are written in accordance to the above procedure to predict the 
moment-curvature relationship of 
1. Control beam 
2. Beam retrofit in tension only 
3. Beam retrofit in both tension and compression, and 
4. Beam retrofit in compression only 
They are included in Appendices A to D. 
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3.2. Nonlinear moment-area method (NMA Method) 
NMA method was used to derive load-deflection relationship from experimental 
moment-curvature plot. 
P/2 P/2 
P '12 P/2 
Figure 149. Beam with two-point loading, deflected shape, corresponding BMD and 
curvature diagram. 
Steps involved in the computation of deflection at the center of the beam by coupling 
moment curvature relation with nonlinear moment-area method is summarized below: 
1. Consider only half the section for analysis, span/2. Divide it into number of parts. 
2. Specify the load W=P/2 and calculate M, corresponding to each section. 
3. For the moments computed above, generate the corresponding curvatures Oj using 
the best fit equation developed by curve fitting of respective experimental 
moment curvature curve. 
4. Calculate x„ and subsequently Aj, where 
A=¥,  (15)  
5. Compute total deflection A which is 
A = X4*, (16) 
6. Repeat steps 2 to 5 for the next increment of load. 
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A Matlab program was written in accordance to the above procedure to predict the 
deflection at the center of the beam and is included in Appendix E. 
3.3. Piecewise-linear finite-difference algorithm (PLFD method) 
PLFD method was used as an alternative technique to derive load-deflection plots 
from experimental moment curvature plots. The steps involved are summarized below. 
Figure 150. Beam with two-point loading, deflected shape and corresponding BMD. 
1. Consider only half the section for analysis, span/2. Divide this section into n parts 
(say 6 for this example) of length h each. 
2. Specify load W = P/2 and find the corresponding bending moments Mj, for each 
section. 
3. For the moments computed above, generate the corresponding curvatures Oj using 
the best fit equation developed by curve fitting of respective experimental 
moment curvature curve. 
4. Using central finite difference technique, these curvatures can be related to 




Substituting i—1 to 7 in the above equation we get: 
V0 ~ l/\ +V2~ Vl (" V, = 0) (18) 
/ -2v 2 +v 3 =-h 2 t 2  (19) 
v2 - 2v3 + v4 = -h2$3 (20) 
v 3 - 2  V 4 + V 5 = - A V 4  ( 2 1 )  
v
4 ~~ 2vs + v6 = -h2</>5 (22) 
v5 - 2v 6  + V7 = -h 2<F>6 (23) 
2v6 - 2v7 = ~h2(f>i (••' vs = vs) (24) 
Denoting the above in matrix form we have: 
1 1 0 0 0 0 0" V A 
0 -2 1 0 0 0 0 V2 A 
0 1 -2 1 0 0 0 V3 fa 
0 0 1 -2 1 0 0 * V4 = -h2 h 
0 0 0 1 -2 1 0 V5 
0 0 0 0 1 -2 1 V6 
0 0 0 0 0 2 -2 _ V 7_ 
5. {</),} values are known from Step 3. Now solve for {v, } 
6. Repeat steps 2 to 5 for the next increment of load. 
A Matlab program was written in accordance to the above procedure to predict 
the deflection at the center of the beam and is included in Appendix F. The beam was 
sectioned such that h=3. Hence the resultant coefficient matrix is 13x13. 
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3.4. Single-degree-of-freedom (SDOF) elasto-plastic model 
An attempt has been made to capture the dynamic behavior of beams and slabs 
subject to impact load using a single-degree-of-freedom elasto-plastic model similar to 
that described by Biggs (40). The effect of damping is ignored. 
3.4.1. Formulation 
The generic form of the governing differential equations of motion for an elasto-
plastic SDOF system are as follows (40): 
My + R-F( t )  = 0  (25) 
My+ky-F( t )  =  0 0<y<y e l  (26) 
My+ R m -F ( t )  =  Q y e l < y < y m  (27) 
My + R m -k (y m -y ) -F( t )  = 0  (y m -2y e l )<y<y m  (28) 
In these equations, y represents the deflection, y  is the acceleration, F(t) is the 
forcing function and M is the mass. With reference to Figure 151, Km is the maximum 
equivalent spring force, k is the equivalent spring stiffness, and yei and ym are as 
shown. 
/m 
Figure 151. Resistance function in an elasto-plastic system, adapted from Biggs, 1964 (40) 
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Equation (25) is the general equation of motion, Equation (26) applies in the 
original elastic range, Equation (27) applies in the plastic region, and Equation (28) 
applies during the elastic behavior after ym has been attained. 
For the development of SDOF elasto-plastic model, the effective span of the beam 
(72-in) and the slab effective dimension (4 ft x 4 ft) was considered for determining 
the respective weights. These dimensions gave a beam weight of 326.25 lbs and a 
slab weight of 773 lbs. The load-deflection relationships from static testing of the 
beams and slabs were used to get respective stiffness and maximum spring force Rm. 
The forcing functions shown in Figures 152 and 155 were determined by trial-and-
error approach in an attempt to get a reasonable correlation between the experimental 
and theoretical acceleration vs time response. The load delivered by the impact was 
assumed to act on the specimen for 0.2 sec (= tend)-
3.4.1.1. Beams 
The following data was used in the development of the SDOF elasto plastic 
model for beams. The bi-linear approximations for the experimental static load-
deflection relations for Beams 15 and 21 shown in Figures 153 and 154, 
respectively, are used herein. 
Control beam subjected to impact: 
Stiffness, k = 1400000 lb/ft, 
M (= w/g) = 10 lb-sec2/ft, 
F(t) = 7000 lbs, 
Rm = 35000 lbs, Rm/M = 3500 
tend = 0.2 sec AT = 0.0012 sec 
Retrofit beam subjected to impact: 
Stiffness, k = 1500000 lb/ft, 
M (= w/g) = 10 lb-sec2/ft, 
F(t) = 3000 lbs, 
Rm = 50000 lbs, Rm/M = 5000 
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Figure 154. Load deflection relationship for retrofit Beam 21 with bi-linear idealization. 
3.4.1.2. Slabs 
The following data was used in the development of the SDOF elasto-plastic 
model for slabs. The bi-linear approximations for the experimental static load-
deflection relations for slabs shown in Figures 156 and 157, respectively, are used 
herein. 
Control slab subjected to impact 
Stiffness, k = 240000 lb/ft, 
M (= w/g) = 24 lb-sec2/ft, 
F(t) = 17000 lbs, 
Rm = 16000 lbs, 
tgnd 0.2 See 
RJM = 666.667 
AT = 0.0012 sec 
Retrofit slab subjected to impact 
Stiffness, k = 818181.81 lb/ft, 
M (= w/g) = 24 lb-sec2/ft, 
F(t) = 17000 lbs, 
Rm = 30000 lbs, 
tend 0.2 SeC 
RJM = 1250 
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Figure 156. Load deflection relationship for control slab with bi-linear idealization. 
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Deflection (in) 
Figure 157. Load deflection relationship of retrofit slab with bi-linear idealization. 
Once the input needed in Equations (26) through (28) was defined as explained 
above, the numerical procedure given in Reference (40) for an elasto-plastic SDOF 
was used to predict the theoretical acceleration versus time relations for the beams 
and slabs. These relationships are presented in Chapter 4 and compared with the 
experimental acceleration versus time relations. 
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CHAPTER 4 
EXPERIMENTS VERSUS THEORY 
4.1. Reinforced concrete beams subject to static test 
Figure 158 presents a comparison of the secant-based experimental moment-
curvature relationship to two theoretical curves. The theoretical curves are based on 
the layered section formulation given in Section 3.1.1 assuming no debonding of the 
CFRP strips, and one that accounts for the debonding observed experimentally. The 
curve not accounting for debonding overshoots the other two curves. Figure 159 
presents a comparison of the experimental load vs mid-span deflection curve for 
Beam 1 to those obtained with NMA and PLFD methods outlined in Chapter 3. Each 
of these theoretical load-deflection curves were obtained by utilizing the secant-based 
moment-curvature relationship from Figure 158. 
Figures 160 through 199 show a comparison of the respective moment-curvature 
and load-deflection curves for Beams 2 through 21. A comparison of the cracking and 
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Figure 164. Moment curvature relationship for Beam 4. 
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Figure 199. Load deflection relationship for Beam 21. 
4.2. Reinforced concrete beams subject to impact test 
Experimental and theoretical acceleration vs. time response curves for beams subject 
to impact test are presented in this section. A single-degree-of-freedom elasto-plastic 
model was used to get the theoretical acceleration vs. time response. A lOg wireless 
accelerometer, G-Link from Microstrain, was used to record experimental data as 




Figure 200. Experimental and theoretical acceleration vs time response for control beam 





Figure 201. Experimental and theoretical acceleration vs time response for retrofit beam 
subject to impact. 
From Figure 200 it is evident that the accelerometer capacity was exceeded. But if 
one were to project the peak based on the slope of the troughs, it can be seen that there is 
a good agreement between the predicted value and that from the experiment. The 
accelerometer disengaged from the specimen almost immediately after impact, making it 
difficult to compare the readings beyond the first couple of peaks. There is also a 
reasonably good agreement in theoretical vs. experimental acceleration values for retrofit 
beam, as seen in Figure 201. 
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4.3. Reinforced concrete slabs subject to impact test 
Experimental and theoretical acceleration vs. time response curves for slabs subject to 
impact test are presented in this section. A single-degree-of-freedom elasto-plastic model 
was used to get the theoretical acceleration vs. time response. A lOg wireless 
accelerometer, G-Link from Microstrain, was used to record experimental data as 









Figure 202. Experimental and theoretical acceleration vs time response for control slab 







Figure 203. Experimental and theoretical acceleration vs time response for retrofit slab 
subject to impact. 
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Figure 202 shows the theoretical and experimental acceleration vs. time response for 
the control slab. The control slab did not vibrate on impact. Instead it disintegrated 
immediately, as can be inferred from the experimental curve. The theoretical curve shows 
a similar trend in the slab behavior. 
Figure 203 shows the theoretical and experimental acceleration vs. time response for 
the retrofit slab. From the experimental curve it is clear that the accelerometer capacity 
was exceeded. But if one were to project the peak based on the slope of the troughs, it can 
be seen that there is a good agreement between the predicted value and experiment. The 
accelerometer also disengaged from the specimen almost immediately after impact, 
making it difficult to compare the readings beyond the first couple of peaks. 
4.4. Discussion 
1. For control beams: 
a) Layered element approach produces moment-curvature (M-O) curves 
which are in a reasonable agreement with the secant-based experimental 
ones. 
b) PLFD and NMA methods predict the load-deflection curves quite well upto 
the failure load. 
2. For pre and post retrofit beams with 48-in. CFRP strips: 
a) If CFRP debonding is accounted for, due to knife edge stress at the cut-off 
section, layered element approach produces M-O curve that is in very good 
agreement with the secant-based experimental curve. 
b) PLFD and NMA methods predict the load-deflection curves quite well up 
to the failure load. 
3. For beams retrofit with 77-in. CFRP strips: 
a) Layered element approach produces moment-curvature (M-O) curves that 
are in a reasonable agreement with the secant-based experimental ones. It 
under-predicted the strength of Beams 17,18 and 21 by 13%. 
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b) PLFD and NMA methods predict the load-deflection curves quite well up 
to the failure load. 
4. For beams subject to impact: 
a) The maximum recorded acceleration for the control beam was nearly equal 
to 1 lg whereas that from the SDOF model was nearly that value. This was 
primarily due to the inability of the lOg-capacity accelerometer to measure 
higher values. 
b) The maximum recorded acceleration for the retrofit beam was nearly equal 
to 9g whereas that from the SDOF model was nearly lOg. 
5. For slabs subject to impact: 
a) The maximum recorded acceleration for the control slab was nearly 2g 
whereas that from the SDOF model was nearly 22g. This large difference is 
ascribed to the gross shattering-out of the concrete over a 2.5ft x 2.5 ft area 
visible on the bottom surface of the slab. 
b) The maximum recorded acceleration for the retrofit slab was nearly 1 lg 
whereas that from the SDOF model was about 18g. Again, the limited 
range of the accelerometer resulted in this difference. 
Table 7 presents a summary of a comparison of the experimental cracking loads 
(Per) as well as the peak loads (Pmax) for Beams 1 through 21. It is seen from the last 
column of this table that the Pcr/Pmax ratio varied between 0.18 and 0.52. The beam 
with the lowest ratio (Beam 18) was associated with the concrete splitting issue 
described in Section 2.5.1. 
The beam (Beam 3) with the highest ratio was post retrofit with two 48-in tensile 
CFRP strips as described in Section 2.2.2. Ironically, however, the beam with the 
lowest ratio turned out to be the strongest of all 21 beams tested, with a peak load of 
69.48 kips as seen from Table 7. 
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Table 7. Comparison of experimental peak load and cracking load of beams. 
Beam No. Per (kips) Pnuii (kips) Pcr/PmM 
1 8.44 21.94 0.38 
2 3.77 15.96 0.24 
3 11.66 22.40 0.52 
4 10.74 22.71 0.47 
5 5.37 23.01 0.23 
6 7.67 22.25 0.34 
7 9.97 20.71 0.48 
8 12.27 33.60 0.37 
9 11.51 30.53 0.38 
10 15.34 33.29 0.46 
11 5.68 24.24 0.23 
12 7.67 30.69 0.25 
13 8.44 29.92 0.28 
14 10.74 24.70 0.43 
15 7.61 37.98 0.20 
16 8.42 39.72 0.21 
17 15.32 54.75 0.28 
18 12.25 69.48 0.18 
19 9.14 43.66 0.21 
20 10.22 53.52 0.19 
21 13.74 53.02 0.26 
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CHAPTER 5 
CONCLUSIONS AND FUTURE RESEARCH 
5.1. Conclusions 
The following conclusions are drawn from the research embodied in this dissertation: 
1. Innovative retrofitting techniques developed resulted in nearly doubling the load-
carrying capacity of concrete members and increased the stiffness three-folds 
without compromising on ductility. This was achieved without increasing the self-
weight of the structural members. 
2. A 45-degree retrofit pattern for two-way slabs proved to be highly effective. The 
resulting strength gain of 100% is several times higher than that achieved by past 
researchers. 
3. By using CFRP strips and through their proper placement, punching shear was 
completely eliminated in the slab under impact load. 
4. Beams retrofitted with 48-inch long CFRP strips failed by premature debonding 
of concrete-CFRP strip matrix at the cutoff section due to 'knife edge' stresses, 
despite sufficient development length provided. Thus, irrespective of the number 
of strips present in the tension zone, all such retrofitted beams virtually failed at 
the same ultimate load. 
5. The development length computed using the formula given by Parretti and Nanni 
(18) and ACI-440 2008 (4) for rectangular FRP bars was found to be inadequate 
for the beams tested with 48-inch long CFRP strips. The present research 
indicates that a considerable additional benefit can be gained if CFRP strips are 
embedded as deep as possible into the shear zone. 
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6. Pre- and post-retrofitted beams failed at nearly the same peak load and stiffness 
characteristics. This indicates that pre-damaged beams can be effectively 
retrofitted and one can expect the same performance as a freshly made retrofit 
beam. 
7. A minimum edge distance a^ of 1.5 inch is tentatively recommended to possibly 
avoid splitting failure of end concrete of the type exhibited by Beam 18. 
8. The distance between two adjacent grooves, ag, is tentatively recommended to be 
at least one inch in order to avoid crushing of concrete between the CFRP strips. 
9. Beams retrofitted in both tension and compression showed higher ductility 
compared to that observed in the control beams and the beams retrofitted in 
tension only. 
10. Layered element approach provides a good basis for generating a moment-
curvature relationship. 
11. Non-linear moment-curvature relations can be effectively coupled with nonlinear 
moment area (NMA) method or with central piece-wise finite-difference (PLFD) 
method in order to predict the load-deflection behavior of beams. 
12. A single-degree-of-freedom (SDOF) elasto-plastic model captures the salient 
features of the initial portion of the acceleration versus time response curves for 
both beams and slabs subjected to impact. 
13. Impact strains can be an order of magnitude higher than those produced by a static 
load of an equivalent magnitude. 
14. The beam with the lowest cracking load to the peak load ratio exhibited the 




5.2. Future Research 
Considering the scope of the present research the following recommendations are 
made for future investigations: 
1. Single-degree-of-freedom elasto-plastic model and dimensionless moment-
curvature relations developed herein can be verified or extended by careful 
experimentation with other beam sizes and spans. 
2. Strength and deformation of ultra-high strength concrete beams with and without 
NSM-CFRP retrofitting can be studied. 
3. The use of a different locally made epoxy can be explored to reduce the cost of 
retrofitting and possibly achieve lesser curing time. 
4. The use of glass fiber reinforced plastic or other FRP strips of different 
dimensions need to be investigated. The use of multiple FRP strips in one slot can 
also be explored. 
5. Efficacy of CFRP strips in improving the strength of beams, slabs and even shear 
wall has been illustrated. However, research needs to be conducted on columns 
and a complete RC frame. 
6. Seismic performance of CFRP retrofitted specimens hold great promise and needs 
be studied. 
7. Design aids for practical use in RC beams with CFRP strips need to be 
formulated. 
8. Research can be focused on making the structures blast and impact resistant to a 
desirable degree with proper orientation and placement of CFRP strips. 
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APPENDIX A 
MOMENT-CURVATURE PROGRAM FOR CONTROL BEAM 
% Matlab Program to calculate the M-Phi relation of Singly Reinforced 
% Rectangular Beams by Layered Element Technique 
% Unretrofitted Beams 
% Loading is taken as two point loads acting at L/3 
% Author - Nakul Ramanna & Dr. Razzaq 
% Last Revision - 04/29/11 
% Notes: 
% Once concrete cracks, it's tensile stress is accounted upto the last 
% uncracked layer 
% Consider pre-allocating arrays for faster processing. 
clc 
clear all 
% Data Input 
b=6; % Enter the width of the beam in inch 
h=9; % Enter the total depth of the beam in inch 
d=6.5; % Enter the effective depth of the beam in inch 
dr=0.625; % Enter the diameter of tension reinforcement (rebar) in 
% inch 
nr=2; % Number of tensile rebars 
c=2.0; % Enter an initial value for the depth of Neutral Axis (in inch) 
n=500; % Enter the number of rectangular elements across the depth of 
% the beam section (Layers) 
fy=65.00; % Steel Yield Stress in ksi 
Es=30324; % Mod of Elasticity of Steel in ksi 
Fc=5.600; % Concrete Compr Strength in ksi 
Fcu=4.600; % Fc unloading part in the stress strain curve for concrete 
%(in Ksi) 
fr=7.5*sqrt(Fc*1000); % Flexural Strength of Concrete 
count=0; 
%Moment Curvature Program Begins 
%========================================== 
for et=0:0.00005:0.003 %Increments concrete strain value in the top 
%fibre by 0.00005 
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while ~0 















% Calculating Strain in Steel 
es=(c-d)*et/c; %Accounting for tension strain as -ve, d-c 
% becomes c-d 






f s=-fy ;  
end 
C=0; %Total Compressive Force 
T=0; %Total Tensile Force 
% Computing Compressive and Tensile Force in Concrete 
for i=l:n 
if e(i)>=0 
N1(i)=fc(i)*b*h/n; %Compr force in concrete layer 
C=C+N1(i); 
else 
if abs(fc(i)*1000)<fr % Check for concrete cracking in 
% tension 






% Computing Total Tensile Force of section (including steel) 
T=T+fs*nr*3.1416*(dr)A2/4; 
% Equilibrium Check C==T ??? 




disp('Stress @ bottom of Concrete, fc (psi) =') 
disp(fc(n)*1000) 
disp('Depth of NA, c (in) =') 
disp(c) 
disp('Total Compressive Force, C (kips) =') 
disp(CI) 












end % while loop end 
% Calculating Moment in Kip -in (m=T*jd) 
if et<=0.0015 
m=abs(Tl)*(d-c/3); 
elseif et>0.0015 && et<=0.0025 
dk=0.0015*c/et; 















M(count)=m/12; % Moment in K-ft 
phi(count)=et/c; % Curvature in rads/in 




xlabel(1 Curvature (rads/inch)') 
ylabel('Moment (K-ft)') 
title('Moment Curvature Plot') 
end % for loop end 
PROGRAM OUTPUT: 






0.2 0.4 0.6 0.8 
Cuivature (rads/inch) 
1.2 1.4 1.6 
,-3 
x 10 
Figure 204. Matlab Program Output: Moment curvature plot for control beam 11. 
APPENDIX B 
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MOMENT-CURVATURE PROGRAM FOR A BEAM RETROFIT IN 
TENSION ONLY 
% Matlab Program to calculate the M-Phi relation of Singly Reinforced 
% Rectangular Beams by Layered Element Technique 
% Retrofitted in tension zone 
% Loading is taken as two point loads acting at L/3 
% Author - Nakul Ramanna & Dr. Razzaq 
% Last Revised - 04/29/11 
% Notes: 
% Once concrete cracks, it's tensile stress is accounted upto the last 
% uncracked layer. 
% Program doesn't account for debonding of CFRP reinforcement 
% Consider pre-allocating arrays for faster processing. 
clc 
clear all 
% Data Input 
%============================================================== 
b=6; % Enter the width of the beam in inch 
h=9; % Enter the total depth of the beam in inch 
d=6.5; % Enter the effective depth of the beam in inch 
dr=0.625; % Enter the diameter of tension reinforcement (rebar) in 
% inch 
nr=3; % Number of tensile rebars 
c=2.0; % Enter an initial value for the depth of Neutral Axis (in inch) 
n=500; % Enter the number of rectangular elements across the depth of 
% the beam section (Layers) 
fy=65.00; % Steel Yield Stress in ksi 
Es=30324; % Mod of Elasticity of Steel in ksi 
Fc=5.600; % Concrete Compr Strength in ksi 
Fcu=4.600; % Fc unloading part in the stress strain curve for concrete 
% (in Ksi) 
nft=2; % no of CFRP strips in tension zone 
wf=0.079; % width of CFRP strips in inch 
hf=0.63; % height of CFRP strips in inch 
Ef=20000; % Mod of Elasticity of CFRP Strips in ksi 
ffy=256; % CFRP Yield Stress in ksi 
fr=7.5*sqrt(Fc*1000); % Flexural Strength of Concrete 
count=0; 
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IMoment Curvature Program Begins 
for et=0:0.00005:0.0045 % Increments concrete strain value in the top 
% fibre by 0.00005 
while ~0 
%Calculating Strain in each Concrete Layer 
for i=l:n 
e(i) = (et*(c-(h/n*(i-0.5))))/c; 
end 











% Calculating tensile strain in Steel 
es=(c-d)*et/c; %Accounting for tension strain as -ve, d-c 
% becomes c-d 








% Calculating tensile strain in CFRP Strip 
ef=(c+0.5—h)*et/c; %Accounting for tension strain as -ve, h-
% 0.5-c becomes c+0.5-h 








C=0; %Total Compressive Force 
Tc=0; %Tensile Force of Concrete 
% Computing Compressive and Tensile Force in Concrete 
for i=l:n 
if e(i)>=0 
N1(i)=fc(i)*b*h/n; %Compr force in concrete layer 
C=C+N1(i); 
else 
if abs(fc(i)*1000)<fr % Check for concrete cracking in 
% tension 





% Computing Total Tensile Force 'T' of section (including steel and 
% CFRP) 
T=Tc+fs*nr*3.1416*(dr)A2/4+ffs*nft*wf*hf; 
% Equilibrium Check C==T ??? 
Cl=round(C*100)/100; %2 decimal rounding 
Tl=round(T*100)/100; %2 decimal rounding 
if abs(CI-abs(Tl))<=0.02 
disp('=======================================================') 
disp('Stress @ bottom of Concrete, fc (psi) =') 
disp(fc(n)*1000) 
disp('Depth of NA, c (in) =') 
disp(c) 
disp('Total Compressive Force, C (kips) =') 
disp(CI) 













end % while loop end 
% Calculating Moment in Kip -in (m=T*jd) 
if et<=0.0015 
m=abs(Tl)*(d+l-c/3); 
















M(count)=m/12; % Moment in K-ft 
phi(count)=et/c; % Curvature in rads/in 






title('Moment Curvature Plot') 
end % for loop end 
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PROGRAM OUTPUT: 











Figure 205. Matiab Program Output: Moment curvature plot for retrofit beam 19. 
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APPENDIX C 
MOMENT-CURVATURE PROGRAM FOR A BEAM RETROFIT IN 
TENSION AND COMPRESSION 
% Matlab Program to calculate the M-Phi relation of Singly Reinforced 
% Rectangular Beams by Layered Element Technique 
% Retrofitted in tension and compression zone 
% Loading is taken as two point loads acting at L/3 
% Author - Nakul Ramanna & Dr. Razzaq 
% Last Revised - 05/01/11 
% Notes: 
% Once concrete cracks, it's tensile stress is accounted upto the last 
% uncracked layer. 
% Program doesn't account for debonding of CFRP reinforcement 
% Consider pre-allocating arrays for faster processing. 
clc 
clear all 
% Data Input 
b=6; % Enter the width of the beam in inch 
h=9; % Enter the total depth of the beam in inch 
d=6.5; % Enter the effective depth of the beam in inch 
dr=0.625; % Enter the diameter of tension reinforcement (rebar) in 
% inch 
nr=3; % Number of tensile rebars 
c=2.0; % Enter an initial value for the depth of Neutral Axis (in inch) 
n=500; % Enter the number of rectangular elements across the depth of 
% the beam section (Layers) 
fy=65.00; % Steel Yield Stress in ksi 
Es=30324; % Mod. of Elasticity of Steel in ksi 
Fc=5.600; % Concrete Compr Strength in ksi 
Fcu=4.600; % Fc unloading part in the stress strain curve for concrete 
%(in Ksi) 
nft=3; % no of CFRP strips in tension zone 
nfc=2; % no of CFRP strips in compr zone 
wf=0.079; % width of CFRP strips in inch 
hf=0.63; % height of CFRP strips in inch 
Ef=20000; % Mod of Elasticity of CFRP Strips in ksi 
ffy=256; % CFRP Yield Stress in ksi 
fr=7.5*sqrt(Fc*1000); % Flexural Strength of Concrete 
count=0; 
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IMoment Curvature Program Begins 
%=========================================== 
for et=0:0.00005:0.0055 %Increments concrete strain value in the top 
%fibre by 0.00005 
while ~0 




%Calculating compressive strain in CFRP strip 
efc=(c-0.5)*et/c; 











% Calculating tensile strain in Steel 
es=(c-d)*et/c; %Accounting for tension strain as -ve, d-c 
% becomes c-d 








% Calculating tensile strain in CFRP Strip 
ef=(c+0.5-h)*et/c; %Accounting for tension strain as -ve, h-
% 0.5-c becomes c+0.5-h 
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C=0; %Total Compressive Force 
Tc=0; %Tensile Force of Concrete 
% Computing Compressive and Tensile Force in Concrete 
for i=l:n 
if e(i)>=0 
N1(i)=fc(i)*b*h/n; %Compr force in concrete layer 
C=C+N1(i); 
else 
if abs(fc(i)*1000)<fr % Check for concrete cracking in 
Itension 





% Computing Total Compressive Force 'C' of section (including CFRP) 
C=C+ffc*nfc*wf*hf; 
% Computing Total Tensile Force 'T' of section (including steel and 
CFRP) 
T=Tc+fs*nr*3.1416*(dr)A2/4+ffs*nft*wf*hf; 
% Equilibrium Check C==T ??? 
Cl=round(C*100)/100; %2 decimal rounding 




disp('Stress 0 bottom of Concrete, fc (psi) =') 
disp(fc(n)*1000) 
disp('Depth of NA, c (in) =') 
disp(c) 
disp('Total Compressive Force, C (kips) =') 
disp(CI) 












end % while loop end 
% Calculating Moment in Kip -in (m=T*jd) 
if et<=0.0015 
m=abs(Tl)*(d+l-c/3)+ffc*nfc*wf*hf*(d+1-0.5); 
elseif et>0.0015 && et<=0.0025 
dk=0.0015*c/et; 
A=(Fc*(c-dk)"2/2)+(0.5*Fc*dk*(c-2/3*dk)); 













M(count)=m/12; % Moment in K-ft 
phi(count)=et/c; % Curvature in rads/in 







title('Moment Curvature Plot') 
end % for loop end 
PROGRAM OUTPUT: 




Figure 206. Matlab Program Output: Moment curvature plot for retrofit beam 20. 
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APPENDIX D 
MOMENT-CURVATURE PROGRAM FOR A BEAM RETROFIT IN 
COMPRESSION ONLY 
% Matlab Program to calculate the M-Phi relation of Singly Reinforced 
% Rectangular Beams by Layered Element Technique 
% Retrofitted in compression zone 
% Loading is taken as two point loads acting at L/3 
% Author - Nakul Ramanna & Dr. Razzaq 
% Last Revised - 05/01/11 
% Notes: 
% Once concrete cracks, it's tensile stress is accounted upto the last 
% uncracked layer. 
% Program doesn't account for debonding of CFRP reinforcement 
% Consider pre-allocating arrays for faster processing. 
clc 
clear all 
% Data Input 
%============================================================== 
b=6; % Enter the width of the beam in inch 
h=9; % Enter the total depth of the beam in inch 
d=6.5; % Enter the effective depth of the beam in inch 
dr=0.625; % Enter the diameter of tension reinforcement (rebar) in 
% inch 
nr=3; % Number of tensile rebars 
c=2.0; % Enter an initial value for the depth of Neutral Axis (in inch) 
n=500; % Enter the number of rectangular elements across the depth of 
% the beam section (Layers) 
fy=65.00; % Steel Yield Stress in ksi 
Es=30324; % Mod of Elasticity of Steel in ksi 
Fc=5.600; % Concrete Compr Strength in ksi 
Fcu=4.600; % Fc unloading part in the stress strain curve for concrete 
% (in Ksi) 
nfc=4; % no of CFRP strips in compr zone 
wf=0.079; % width of CFRP strips in inch 
hf=0.63; % height of CFRP strips in inch 
Ef=20000; % Mod of Elasticity of CFRP Strips in ksi 
ffy=256; % CFRP Yield Stress in ksi 
fr=7.5*sqrt(Fc*1000); % Flexural Strength of Concrete 
count=0; 
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%Moment Curvature Program Begins 
%========================================== 
for et=0:0.00005:0.005 %Increments concrete strain value in the top 
%fibre by 0.00005 
while ~0 




%Calculating compressive strain in CFRP strip 
efc=(c-0.5)*et/c; 











% Calculating tensile strain in Steel 
es=(c-d)*et/c; %Accounting for tension strain as -ve, d-c 
% becomes c-d 

















C=0; %Total Compressive Force 
Tc=0; %Tensile Force of Concrete 
Computing Compressive and Tensile Force in Concrete 
for i=l:n 
if e(i)>=0 
N1(i)=fc(i)*b*h/n; %Compr force in concrete layer 
C=C+N1(i); 
else 
if abs(fc{i)*1000)<fr % Check for concrete cracking in 
% tension 





Computing Total Compressive Force 'C' of section (including CFRP) 
C=C+ffc*nfc*wf*hf; 
Computing Total Tensile Force 'T' of section (including Steel) 
T=Tc+fs*nr*3.1416*(dr)~2/4; 
Equilibrium Check C==T ??? 
Cl=round(C*100)/100; 12 decimal rounding 
Tl=round(T*100)/100; %2 decimal rounding 
if abs(Cl-abs(Tl))<=0.02 
disp ( 
disp('Stress @ bottom of Concrete, fc (psi) =') 
disp(fc(n)*1000) 
disp('Depth of NA, c (in) =') 
disp(c) 
disp('Total Compressive Force, C (kips) =') 
disp(Cl) 













end % while loop end 
% Calculating Moment in Kip -in (m=T*jd) 
if et<=0.0015 
m=abs(Tl)*(d-c/3)+ffc*nfc*wf*hf*(d-0.5); 
















M(count)=m/12; % Moment in K-ft 
phi(count)=et/c; % Curvature in rads/in 






title('Moment Curvature Plot') 
end % for loop end 
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PROGRAM OUTPUT: 
Moment Curvature Plot 
06 
0.5 2.5 
Curvature (rads/inch) 3 
x 10 
Figure 207. Matlab Program Output: Moment curvature plot for retrofit beam 16. 
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APPENDIX E 
PROGRAM TO COMPUTE DEFLECTION BY NMA METHOD 
% Matlab program to calculate deflection at the center of reinforced 
% concrete beam by Nonlinear Moment Area Method 
% Loading is taken as two point loads acting at L/3 
% Author - Nakul Ramanna & Dr. Razzaq 
% Last Revised - 05/26/11 
% Notes: 
% Nonlinear polynomial regression equation obtained from curve fitting 
% of Pseudo experimental moment curvature relationship is used to 
% calculate curvature in this program 
% Deflection is calculated for a given w array (load array) 
clc 
clear all 
% Data Input 
% ================================================================ 
np=10; %Enter no of parts/sections (No benefit of entering >10) 
x=24/np; %24 is the length of triangular area of Moment diagram 
y=12/np; %12 is half of rectangular portion of moment diagram 
%Enter Loads (p/2) in kips 
w=[0 0.76715 1.5343 2.30145 2.685025 3.3371025 3.83575 4.6029 
5.37005 6.1372 6.90435 7.6715 8.43865 9.2058 9.589375 9.97295 
10.356525 10.740111.123675 11.50725]; 
% ====================pr0gram Begins ============================= 
for k=l:numel(w) %numel(w) = number of elements in array w 
for i=l:np 
M(i)=w(k)*i*x/12; %Calculating moment (k-ft) in the triangular 
%portion 




M(i)=w(k)*np*x/12; %Calculating moment (k-ft) in the pure moment 
% zone 




%Calculation of area of first section (triangular) 
A(l)=l/2*x*phi(1); 
%Calculation of area of trapezoidal sections 
for i=2:np 
A(i) =x*((phi(i—1)+phi(i))/2) ; 
end 










%Cumulative deflection in pure moment zone of Moment diagram 
j=0; 
for i=np+l:2*np 
deltas(k)=deltas(k)+A(i)*(24+(0.5+j)*y); % 2 4  is the length of 
%triangular area of Moment diagram 
j=j+i; 
end 
%Total deflection at the center of the beam 
delta(k)=deltat(k)+deltas(k); 
disp('Deflection in inch') 
disp(delta(k)) 
end %end of for loop 
PROGRAM OUTPUT: 
Table 8. Matlab Program Output: Deflection computed by NMA method for Beam 5. 
Input load 
W (=P/2) Kips 
Computed 























PROGRAM TO COMPUTE DEFLECTION BY PLFD METHOD 
% Matlab Program to calculate deflection at the center of reinforced 
% concrete beam by Piecewise linear finite difference algorithm (PLFD 
% algo.) 
% Loading is taken as two point loads acting at L/3 
% Author - Nakul Ramanna & Dr. Razzaq 
% Last Revised - 05/26/11 
% Notes: 
% Nonlinear polynomial regression equation obtained from curve fitting 
% of Pseudo experimental moment curvature relationship is used to 
% calculate curvature in this program 
% Deflection is calculated for a given w array (load array) 
% C matrix = 13x13; found to be optimum 
clc 
clear all 
% Data Input 
% =============================================================== 
np=12; %Enter no of parts/sections=; if this changes C (coefficient) 
%matrix changes 
h=36/np; %h = width of individual section, 36in is half the length of 
%the beam 
%Enter Load w (=p/2) in kips 
w=[0 0.76715 1.5343 2.30145 2.685025 3.3371025 3.83575 4.6029 
5.37005 6.1372 6.90435 7.6715 8.43865 9.2058 9.589375 9.97295 
10.356525 10.740111.123675 11.50725]; 
% ====================pr0gram Begins ========================== 
for k=l:numel(w) %numel(w) = number of elements in array w 
x=0; 
for i=l:np+l 
if x<=24 %24 is the length of triangular portion of BMD; also 











%Coefficient : matrix, made for h = 3in or 12 sections 
C = [1 1 0 0 0 0 0 0 0 0 0 0 
0 -2 1 0 0 0 0 0 0 0 0 0 0 
0 1 -2 1 0 0 0 0 0 0 0 0 0 
0 0 1 -2 1 0 0 0 0 0 0 0 0 
0 0 0 1 -2 1 0 0 0 0 0 0 0 
0 0 0 0 1 -2 1 0 0 0 0 0 0 
0 0 0 0 0 1 -2 1 0 0 0 0 0 
0 0 0 0 0 0 1 -2 1 0 0 0 0 
0 0 0 0 0 0 0 1 -2 1 0 0 0 
0 0 0 0 0 0 0 0 1 -2 1 0 0 
0 0 0 0 0 0 0 0 0 1 -2 1 0 
0 0 0 0 0 0 0 0 0 0 1 -2 1 
0 0 0 0 0 0 0 0 0 0 0 2 -2]; 
v=inv(C)*(-hA2*phi1); %v = deflection, 3 is the width of each section 
%in inch 
V(k)=v(end); %Capturing deflection at the center of the beam per load 
%applied 
dispf'Max deflection in inch') 
disp(v(end)) 
end %end of for loop 
PROGRAM OUTPUT: 
Table 9. Matlab Program Output: Deflection computed by PLFD method for Beam 5. 
Input load 
W (=P/2) Kips 
Computed 























DROP HEIGHT CALCULATIONS FOR IMPACT TEST 
G.l Slabs 
Drop height calculation for a 400 lb steel impactor to impact the concrete slab is 
summarized below. This work - energy principle approach is a straight forward 
adaptation from the example 6.5 on page 217 of Young and Freedman's book "University 
Physics" (37). 
Mass, m = 400 lb = 181.44 kg 
Acceleration due to gravity, a = 32.2 ft/s2 = 9.81 m/s2 
Assumed drop height, h = 10 ft = 3.048 m. 
Dynamic deflection is assumed to be twice of static deflection at a given load. 
Deflection of slab under impact = (2 * static deflection for 17,500 lb); where 17,500 lb 
is the load intended to be applied on impact. 
/. Dynamic deflection of slab = 2 * 1.40 = 2.80 in = 0.07112 m. 
Now force, F = ma = 181.44kg * 9.81 m/s2 = 1779.93N 
Work done by hammer as it drops from a stationary point to the top of slab, 
W,0, = 1779.93 * 3.048 = 5425.23 J (Before Impact) 
Assuming all of the kinetic energy is transferred to the slab on first impact, from work 
energy theorem we get, 
Wt0, = 1779.93 + (5425.23/0.0711) = 78084.15 N or 17554.02 lb-f (After Impact). 
If the total work done, in the above step, doesn't match the load to be applied upon 




Drop height calculation for a 400 lb steel impactor to impact the concrete beam is 
summarized below. This work - energy principle approach is a straight forward 
adaptation from the example 6.5 on page 217 of Young and Freedman's book "University 
Physics" (37). 
Mass, m = 400 lb = 181.44 kg 
Acceleration due to gravity, a = 32.2 ft/s2 = 9.81 m/s2 
Assumed drop height, h = 12.5 ft = 3.81 m. 
Dynamic deflection is assumed to be twice of static deflection at a given load. 
.•. Deflection of beam under impact = (2 * static deflection for 37,900 lb); where 37,900 
lb is the load intended to be applied on impact. 
.-. Dynamic deflection of beam = 2 * 0.8 = 1.6 in = 0.04064 m. 
Now force, F = ma = 181.44kg * 9.81 m/s2 = 1779.93N 
Work done by hammer as it drops from a stationary point to the top of beam, 
W,ot = 1779.93 * 3.81 = 6781.53 J (Before Impact) 
Assuming all of the kinetic energy is transferred to the beam on first impact, from work 
energy theorem we get, 
Wt0, = 1779.93 + (6781.53/0.04064) = 168648.28 N or 37,914 lb-f (After Impact). 
If the total work done, in the above step, doesn't match the load to be applied upon 
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